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INTRODUCTION

Centrosome amplification is a feature common to many human tumors, including breast,
astrocytoma, lung, neuroectodermal tumors, squamous cell carcinomas of the head and neck,
and pancreas. Proper structure and function of the duplicated mitotic centrosomes is required
for fidelity in chromosome segregation and preservation of diploidy; and proper structure and
function of interphase centrosomes is required for maintenance of cell and tissue polarity. We
have recently demonstrated that centrosome amplification correlates with chromosomal
instability (CIN) and loss of differentiation in breast tumors (Lingle et al., 2002. PNAS 99:1978-
1983). The goal of this research is to identify genes that are important in breast cancer due to
their association with amplified centrosomes and to initiate investigations of the potential of
these genes/proteins as therapeutic targets. This is being accomplished through analysis of
gene expression profiles in a series of tumors relative to normal breast tissues. Gene
expression profiles are then being correlated with centrosome size for each tissue. Genes
whose expression correlates with centrosome size are being studied further. Centrosome and
mitotic spindle-associated genes are also being analyzed to identify those with patterns of
expression specific for tumor type. In addition, data from the invasive tumors are being
analyzed according to estrogen receptor status due to the important influence of ER status on
gene expression.

BODY

Task 1. Rank the approximately 50 tumor and 5 normal tissues for which gene expression data
will be collected according to centrosome amplification and ploidy. Months 1-7
A. Perform centrosome immunofluorescence on cryosections of the tissues. Completed.
B. Quantify centrosome fluorescence signal per cell using scanning laser confocal microscopy

analysis. Completed.
C. Rank tumors according to their degree of centrosome amplification. Completed.
D. Determine tumor ploidy by filW cytometr3'nd FISH analysis. Completed in previous

year.

Results from Tasks 1A-C were published in PNAS (Lingle et al., 2002). The publication was
appended to the 2003 report. Results from Task 1D were presented in the 2004 report.
Briefly, those data indicated that ER negative tumors have higher CIN and more centrosomes
than ER positive tumors. The correlation coefficients of centrosome size and number with
measures of chromosomal instability were also presented in the 2003 report. Highly significant
correlation in LN- and ER- tumors of centrosome amplification with number of clones, number of
karyotypes, CIN, and chromosomal gains. These results provide evidence of fundamental
differences in the relationship between centrosome amplification and chromosomal
instability in tumors based on ER status and LN status.

Task 2. Select cDNA sequences whose expression is positively correlated to centrosome
amplification and those associated with aggressive tumors. Months 7-8
A. Determine the correlation coefficient of sequence expression relative to centrosome

amplification in aneuploid compared to diploid tumors. Completed.
B. Select sequences with strong positive expression coefficients only in aneuploid tumors and

associated with aggressive tumors. Completed.



Lingle 5

C. Begin manuscript preparation describing the sequences selected by this method. Not yet
begun.

Task 3. Identify and analyze the cDNA sequences selected in Task 2. Months 9-15
A. Divide selected sequences into groups as follows:

I. known genes encoding characterized proteins
II. known genes or unigenes encoding uncharacterized or poorly characterized proteins
Ill. ESTs with no known gene homology Completed.

B. Search the Unigene database for genes and unigenes with homologies to the Group Ill
ESTs. Ongoing.

C. Characterize genes in Group II for structural motifs and functional domains that may place
then in families of characterized genes. Ongoing.

D. Preparation of manuscript describing the sequences identified. First manuscript
published (see Appendix A).

Gene Groups I-Ill for genes whose expression correlates with centrosome size in ER- tumors
were presented in the 2003 report. Group I contains 22 genes, 11 of which have a positive
correlation and 9 of which have a negative correlation. Seven of the 22 genes are involved in
gene expression or chromosome replication and nine genes are involved in cell cycle. Group II
contains eleven genes, four of which have a positive correlation and seven of which have a
negative correlation. Group Ill contains 14 sequences about which very little is known. Nine of
the genes have a positive correlation and five have a negative correlation. We continue to
update the genes in Groups II and Ill through the NCBI unigene portal and are also investigating
genes known to be associated with centrosome structure and function. A manuscript
describing one analysis of the gene expression studies has been published (Miller et al.,
2004, Appendix A). This analysis demonstrated that expression levels of the centrosome-
associated kinase aurora-A (also known as STK6 and STKI5) correlate with Nottingham
Prognostic Index in the patient cohort. We will continue to work with aurora-A as described
in Task 4. Cyclin D1 and TTK (also known as MPS1) have also been selected for investigation
as described in Task 4 based on their known effects on centrosomes. Cyclin D also has
oncogenic activity. We have selected 2 genes to investigate based on the correlation of their
expression levels to centrosome size in ER negative tumors; the erythropoietin receptor (90%
positive correlation coefficient) and DAXX: death-associated protein 6 (92% negative correlation
coefficient). There is evidence that the erythropoietin receptor contributes to the survival of
cancer cells and has functional significance in breast cancers.

Task 4. Investigation of the biological significance of genes prioritized from Task 3 by
correlating gene over-expression with phenotypic data. Months 12-36. In progress (please
see proposed change in task timeline below).
A. Insert genes into expression vector driven by the CMV promoter for transfection into hTERT-

transfected normal mammary epithelial cells and quantify expression levels. We have
altered our research plan to use adenoviral vectors and tetracyclin-inducible vectors for
some of these studies.

B. Collect phenotypic information from transfected cells, including changes in centrosome
structure and function, alterations in karyotype, formation of abnormal mitotic spindles, and
altered response to ionizing radiation.

C. Preparation of manuscripts with data on biological significance of the chosen sequences.
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We have shown that aurora-A expression levels increase at the same time centrosome
amplification is evident in hyperplastic lesions that precede invasive ductal carcinoma in
an estrogen-induced rat model of mammary cancer (Li et al., 2004, Appendix C). We will
continue to explore the role of aurora-A in centrosome function and carcinogenesis in over-
expression studies in cell lines.

Using adenoviral vectors, we showed that short-term over-expression of cyclin D1 in
immortalized hMECs resulted in the formation of multipolar mitotic spindles and
abnormal centrosomes in less than 48 hours (Nelsen et al., 2004, Appendix D). We will
continue these experiments in the hMEC lines.

Proposed change in task timeline.

In last year's report, we described a new commercial system, Nucleofector (AMAXA, GmbH),
that utilizes electroporation under defined conditions in the presence of specifically tailored
buffers and reagents for delivering expression constructs to our cultured cells. We have
optimized this system for our cells and are now able to achieve useful delivery efficiencies of
between 70-90%, compared to our previous methods with less than 5% efficiency. We are
using this system to deliver expression vectors to our cell lines and also to establish a
tetracycline-on inducible hTERT hMEC cell line for the proposed experiments. This inducible
cell line will allow us to easily observe early changes induced by expression of genes we have
identified during the course of this research project. The inducible system will be especially
important to investigate changes that occur in soon after gene expression is altered. We
requested, and were granted, a no cost extension for this project in order to complete Task 4.

KEY RESEARCH ACCOMPLISHMENTS

"* Demonstrated that expression of Aurora-A, a centrosome-associated kinase, correlates to
Nottingham Prognostic Index in human breast tumors (see publication #1 below).

"* Demonstrated that estrogen exposure leads to centrosome amplification and aurora-A over-
expression prior to invasion in a rat mammary tumor model (see publication #3 below).

"* Developed a collaboration to study the effects of cyclin D1 over-expression in a mouse
model and demonstrated that cyclin D1 induces centrosome amplification and aneuploidy
(see publication # 4 below).

REPORTABLE OUTCOMES

PUBLICATIONS
1. Miller, DV. Leontovich, AA. Lingle, WL. Suman, VJ. Mertens, ML. Lillie, J. Ingalls, KA.

Perez, EA. Ingle, JN. Couch, FJ. Visscher, DW. 2004. Utilizing Nottingham Prognostic
Index in microarray gene expression profiling of breast carcinomas. Modern Pathology.
17(7):756-64.

2. Salisbury, JL, D'Assoro, A, Lingle, WL. Centrosome Amplification and The Origin of
Chromosomal Instability in Breast Cancer. 2004. Journal of Mammary Gland Biology and
Neoplasia. 9(3):275-283.

3. Li, JJ, Weroha, SJ, Lingle, WL, Papa, D, Salisbury, JL, and Li, SA. 2004. Estrogen
Mediates Aurora-A Overexpression, Centrosome Amplification, Chromosomal Instability,
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and Breast Cancer in Female ACI Rats. PNAS. In press (Dec 24, 2004 on-line publication
date).

4. Nelsen, CJ, Kuriyama, R, Hirsch, B, Negron, VC, Lingle, WL, Goggin, MM, Stanley, MW,
and Albrecht, JH. 2004. Short-term cyclin D1 overexpression induces centrosome
amplification, mitotic spindle abnormalities, and aneuploidy. JBC. In Press (Oct 26, 2004
on-line publication date).

CONCLUSIONS

The results from this research continue to support the hypothesis that centrosome amplification
can be used to identify a subset of genes involved in the development and progression of
cancer. We have demonstrated that estrogen receptor status is an especially critical factor to
include in the interpretation of these data, and have demonstrated this in a rat model of
estrogen induced mammary tumors.
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Utilizing Nottingham Prognostic Index
in microarray gene expression profiling
of breast carcinomas
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We report a novel approach to gene expression profiling using the Nottingham Prognostic Index (NPI) to stratify
26 patients with invasive breast carcinoma. As an aggregate index of parameters reflecting metastatic potential,
growth rate, and genetic instability the NPI has distinct advantages over other clinicopathologic features used
to segregate breast cancer patients. As a continuous variable it offers a responsive and sensitive means of
modeling a continuum of clinical aggressiveness. Using RNA extracted from 26 tumors and cDNA microarrays
with 23 343 unique genetic elements, 84 genes and expressed sequence tags were identified whose expression
patterns correlated with NPI. Differential expression by immunohistochemistry (IHC) was also observed for two
of three genes evaluated by this method. Correlation was determined by the Spearman rank correlation method
with null distribution analysis. Among the 84 genetic elements were seven previously implicated in neoplastic
progression (including the two demonstrating differential expression by IHC), 11 without specific cancer
association but localized to chromosomal sites whose loss or gain has been identified in cytogenetic studies of
breast carcinoma, and 73 not previously associated with breast carcinoma. Collectively, the expression
patterns of these 84 elements have potential to distinguish high and low NPI patient samples. These data add
support to the assertion that prognostic groups of breast carcinoma are reflected in distinguishable expression
profiles of a limited set of genes.
Modem Pathology (2004) 17, 756-764, advance online publication, 9 April 2004; doi:10.1038/modpathol.3800114

Keywords: breast neoplasms; carcinoma, infiltrating duct; Nottingham Prognostic Index; gene expression
profiling; cDNA microarray

The specific molecular events contributing to the tients not receiving adjuvant therapy will be
spectrum of clinical aggressiveness and therapeutic recurrence free after 10 years."'- Consideration of
responsiveness in breast carcinoma are poorly other factors such as special histologic type, hor-
understood, but are thought to involve multifacto- mone and growth factor receptor expression, and
rial, interactive, and stepwise alterations of gene other individual parameters marginally improve this
expression. ability,3,4 but likely represent only a fraction of the

The current ability of grade and stage to assess molecular mechanisms ultimately determining the
prognosis and predict therapeutic response is less clinical behavior of tumors.
than ideal. Up to one-third of women with negative Analyzing the variation in aggregate gene
axillary lymph nodes will experience recurrence expression using gene array technology offers a
and approximately one-third of node-positive pa- powerful approach that has been employed

in identifying molecular markers important in
predicting outcome as well as response to targeted

Correspondence: DW Visscher, MD, Department of Laboratory therapy. The ultimate aims of such endeavors may
Medicine and Pathology, Mayo Clinic, Hilton 11, Rochester, MN, be to characterize conserved 'molecular signatures'
55906, USA. that more accurately predict prognosis, or to
E-mail: visscher.daniel@mayo.edu
Received 24 September 2003; revised 17 February 2004; accepted characterize novel molecular mechanisms of malig-
18 February 2004; published online 9 April 2004 nant transformation and cell growth and thereby
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potential avenues for targeted pharmacotherapeutic mens contained at least 75% tumor and for verifica-
modalities.' tion of the normal control specimens. Total RNA was

Several recent studies have used factors such as extracted from 10 to 15, 10 ym frozen tissue sections
axillary lymph node metastasis, local recurrence, of each sample. The quantity of RNAwas determined
distant metastasis, outcome, hormone receptor ex- by OD2 eo spectrophotometry and the quality was
pression, and BRCA1/BRCA2 mutations to identify assessed by agarose gel electrophoresis.
molecular signatures of clinical relevance.'-"4 These Expression profiling for all 38 patient RNA
factors have the advantage of being unequivocal, samples was performed at Millennium Pharmaceu-
easily ascertained, and clinically practical. How- ticals, LLC (Cambridge, MA, USA) using an auto-
ever, complex statistical algorithms must be em- mated high throughput cDNA microarray assay
ployed to correlate the continuous variable data comprised of 30 512 unique cDNAs including 5111
from gene expression microarrays with the binary or well-characterized genes and 18 232 ESTs, or Uni-
discrete variable data of the other factors, gene sequences (Research Genetics, Inc., Huntsville,

The Nottingham Prognostic Index (NPI) was AL, USA).
derived from tumor registry data as a robust means Correlation analysis using the Spearman rank
for predicting outcomes in breast cancer patients.15  correlation coefficient determination was performed
Despite some significant limitations-namely un- by comparing the NPI values for the invasive
proven applicability in the era of mammographically carcinoma patients to the raw microarray expression
detected lesions and lack of resolution in predicting data. The null distribution of the Spearman correla-
behavior of tumors less than 1.0 cmIe'0 7 -- it has been tion was determined to assess the number of chance
validated independently"8 -2" and prospectively 2" as a random correlations anticipated. Genes for which
means of segregating patients into excellent, good, the absolute value of the Spearman rank correlation
moderate, and poor prognosis groups. Unlike nodal coefficient was greater than 0.6 were considered
status, hormone receptor expression, grade, and significantly associated with NPI. The expression
other binary measures previously used in stratifying data of selected genes, in the invasive carcinoma
cases for gene expression profiling, the NPI is a cohort as well as the control and DCIS groups, were
continuous variable. As such, it allows for more normalized by mean centering and represented
straightforward correlation analysis. graphically using the TreeView software program

We report the results of our gene expression (Stanford Univeristy, Palo Alto, CA, USA).
profiling of 26 patients with invasive ductal carci- Gene attributes, including known or potential
noma employing direct correlation analysis between cancer association, were ascertained using the
NPI scores and the raw expression data of 23 343 Unigene, LocusLink, and OMIM databases available
genes and expressed sequence tags (EST). from the National Center for Biotechnology Informa-

tion (http://ncbi.nlm.nih.gov).
Immunoperoxidase staining of frozen tissue sec-

Materials and methods tions (from the same tissue from which RNA was
extracted) was performed using commercially avail-

Institutional Review Board approval for this study able monoclonal antibodies (Santa Cruz Biotechno-
was obtained at our institution before commencing. logy, Inc., Santa Cruz, CA, USA) directed against
Pathology reports and histologic sections from 26 protein products of the cancer-associated genes
patients with invasive ductal carcinoma undergoing identified by the correlation analysis above. Slides
surgery at the Mayo Clinic between 1997 and 2000 were processed on a Ventana ES (Ventana Medical
were reviewed to determine the NPI for each case Systems Inc., Tucson, AZ, USA) autostainer (dilu-
using the formula put forth by the Nottingham tions provided below) that utilized labeled strepta-
group'" 22 with the modification of lymph node vidin biotin detection chemistry with 5-amino-
scoring proposed by the Swedish Breast Cancer ethyl-carboxazole as the chromogen. Tumor sections
Cooperative Group.22 In short, the index is a sum of were examined in a blinded fashion and staining of
three separate scores: grade (scored as 1, 2, or 3 - the benign or neoplastic epithelial cells was scored
using the three-tiered Nottingham scale), size (score on a scale of 0-4 +. The cellular staining pattern
obtained by multiplying the size in cm by 0.2), and (nuclear, cytoplasmic, membrane, etc) observed in
lymph node status (scored as: no lymph metastasis the invasive tumor, benign, and stromal cells was
= 1, 1-4 involved lymph nodes = 2, and >4 noted for each case. Correlation between the raw
involved lymph nodes = 3). microarray gene expression data and the immuno-

RNA was extracted from fresh frozen tissue histochemical expression data were determined
obtained at the time of surgery for 26 patients as using the Spearman rank methodology.
well as five normal control and seven patients with
ductal carcinoma in situ (DCIS) (three low-grade
DCIS and four high-grade DCIS). Tissue samples Results
were snap frozen in the frozen section laboratory.
Cryostat sections of each sample were examined to Demographic and clinical parameters of the patients
ensure the invasive and intraductal carcinoma speci- and tumors are summarized in Table 1 and Figure 1.

Modern Pathology (2004) 17, 756-764
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Table 1 Patient and tumor parameters expression has been implicated in neoplastic pro-

egression (mothers against decapentaplegic homolog
Gender (M:F) (1:25) 4 (MADH4), 2

6 p53 inducible protein 1 (TP53Inpl), 27
Median age (range) 65 (29-90) 2

Mean tumor size (range) 2.5 (1.1-5.0) dual specificity phosphatase 5 (DUSP5),28 GATA
Lymph node metastases: sequence binding protein 3 (GATA3),2" and tumor

0 12 rejection antigen 1 (TRA1)).30
1-4 7 Commercially available monoclonal antibodies
> 4 7 suitable for use in frozen section immunohistochem-Histologic grade

I 4 istry (IHC) were obtained for three of the seven
ii 11 cancer-associated genes: GATA3 (clone HG3-31,
III 11 1:100 dilution), MADH4 (clone B-8, 1:50 dilution),

Mean NPI (range) 4.6 (2.4-6.8) and TRA1 (clone C-19, 1:100 dilution) (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). Immuno-
peroxidase staining was performed on three normal
control and 17 tumor samples (there was insuffi-

** cient frozen tissue for the testing of the remaining
6. samples). IHC expression of MADH4 and GATA3

5. * • ** showed statistically significant correlation with the5-

_. raw microarray expression data (Figure 3). Staining
Z 4. * for MADH4 was characterized by a cytoplasmic

3 *, * pattern of expression that was strongest in the
benign and low NPI tumors. Staining for GATA3
was predominantly nuclear in pattern with the

0 5 10 15 20 25 strongest intensity seen low NPI tumors. Less
Patient Samples intense staining was observed in benign controls

Figure I NPI distribution for 26 patients with invasive breast as well as high NPI tumors. Staining for TRA1 did
carcinoma. Patient samples listed in order of increasing NPI. (NPI: not correlate with microarray expression values. The
Nottingham Prognostic Index) TRA1 pattern of staining was cytoplasmic and

predominantly within stromal cells; the epithelial
component stained negatively or equivocally (1 +)

A total of 124 array positions representing 50 well- (Figure 4).
characterized genes and 34 ESTs demonstrated In addition to specific cancer-associated genes,
substantial positive or negative correlation with disproportionate increases or decreases of multiple
NPI (I r I > 0.6). Supervised clustering of the micro- separate genes/ESTs at certain chromosomal regions
array showed low expression values gradually associated with loss or gain in breast tumors were
merging into high expression values with increasing noted in tumors with higher NPI scores. Increased
NPI in the positive correlation gene group and the expression was observed in genes/ESTs localized to
opposite pattern in the negative correlation gene 1q21, 6p2l, 7p14, 11q13-23, and 20q13. Decreased
group (Figure 2). expression was seen in genes/ESTs localized to

Of the 46 genes/ESTs for which expression lq23-25, 9q33-34, 10q25-26, 17pll-13, 18q12-21,
correlated well with increasing NPI (r> 0.6), 35 did and 19q11-13 (Table 2).
not show increased expression in normal controls,
41 had no increase in expression in low-grade DCIS,
and 36 had no increase in high-grade DCIS. Of the Discussion
38 genes/ESTs for which decreased expression
correlated well with increasing NPI (r<-0.6), 29 The specific genetic elements (or combination
also showed increased expression in the normal thereof) contributing to the spectrum of clinical
controls, 31 had increased expression in low-grade aggressiveness and therapeutic responsiveness seen
DCIS, and 34 were increased in high grade DCIS. in breast carcinomas are poorly understood. These

Using the null distribution of the Spearman are likely multifactorial, interactive, and stepwise
correlations for 26 patients, 30 512 array positions, alterations of expression that continue to evolve
and I r I > 0.6, an estimated 0.13% (or 39) of the even after a tumor becomes invasive. As an
array positions would be expected to show random aggregate index comprised of parameters reflecting
correlation. metastatic behavior, growth rate and genetic in-

Among those genes overexpressed in tumors with stability, the NPI has several distinct advantages
higher NPI scores, were two previously associated over other clinicopathologic features used to segre-
with malignant transformation: tumor protein D52 gate breast cancer patients in gene expression
like protein 2 (TPD52L2),24 and serine-threonine profiling studies. The NPI is thus able to reflect
kinase 6 (STK6).25 Among those genes expressed at and model tumor progression by assigning a
increased levels in tumors with lower NPI scores, as numeric value to tumors approximating different
well as normal controls, were four whose reduced points along a continuum of clinical aggressiveness.

Modern Pathology (2004) 17, 756-764
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Figure 3 Differential expression of GATA3, MADH4, and TRA1 by immunohistochemistry and microarray. Line drop scatter plots of the
microarray (MA) gene expression and IHC expression values for three cancer-associated genes identified in this study. MA (A) values are
expressed as dimensionless relative units (fold difference). IHC values (0) are the tumor cell staining score. White bars between points
indicate a positive difference between MA and IHC values, dark bars indicate a negative difference. Spearman rank p and P values are
given for each gene.
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Table 2 Differential expression at specific chromosomal sites

Genes/ESTs Locus r Reported frequency

Gains
S100A3 1q21 0.61 61%35
S100A8 1q21 0.69
EST IMAGE 84820 6p21.1 0.67 Reported but frequency not stated"3

TUBB5 6p21.31 0.61
ANLN 7p14-15 0.60 44%3"
EST IMAGE 771114 7p14.3 0.77
ROM1 11q13 0.66 38%"7 [11% High Level Amplification
CD3G 11q23 0.61 at 11q2313 5

TPD52L2 20q13.2 0.60 55% [11% High Level Amplification
STK6 20q13.2 0.69 at 20q13.2]13 _

Losses
MRPS14 lq23-25 -0.73 65% [1q21-23 commonly deleted]38

,
3 9

EST IMAGE 814054 lq24-25 -0.64
TNC 9q33 -0.74 39% [9q33 commonly deleted]40

CCBL1 9q34.13 -0.61
DUSP5 10q25 -0.65 30%31

EIF3S10 10q26 -0.66
EST IMAGE 591814 17p11.1 -0.62 30%41

POLR2A 17p13.1 -0.65
CGI-150 17p13.3 -0.65
VAMP2 17p31.1 -0.62
MADH4 18q21 -0.64 58%35

ZNF24 18q12 -0.62
HPN 19q11-13.2 -0.67 Reported but frequency not stated4 3

LENG4 19q13.3 -0.63

While no genetic elements with perfect correla- Other genes/ESTs such as POLR2A (an RNA
tion between expression and NPI were identified, polymerase) and TUBB5 (a member of the beta
two well-characterized genes associated with malig- tubulin family) may reflect proliferation-related
nancy were increasingly overexpressed with increases in metabolic, protein synthetic, or cyto-
increasing NPI scores. STK6 (also known as skeletal restructuring activity. The sporadically
STK15, BTAK, or aurora2) overexpression has been increased expression of some of these genes in the
implicated in centrosome abnormalities and aneu- normal controls may similarly reflect transient
ploidy in p53 deficient cultured cell lines. 25 More homeostatic changes. Still other markers such as
specifically, STK6 has been described as amplified FABP7 (a fatty acid binding protein expressed in
in up to 12% of breast tumors, and overexpressed in adipocytes) may represent benign cellular constitu-
substantial percentage of the nonamplified cases."a ents disproportionately present in either higher or
TPD52L2 is another less well-characterized putative lower NPI score samples.
oncogene. 24  Differential expression by IHC correlated with the

In addition, five genes whose reduced expression microarray expression values for two of the three
has been implicated in malignant transformation genes (GATA3 and MADH4) examined in our study.
(ie putative tumor suppressor genes) were expressed A third marker (TRA1) showed sporadic expression
at relatively increased levels in patients with by IHC, predominantly within stromal cells, that did
lower NPI scores as well as in DGIS and normal not correlate with expression data for TRA1 in the
controls. MADH4 (or SMAD4 or DPC4) loss has microarray. This likely represents a disproportion of
been well described in pancreatic and juvenile non-neoplastic stromal elements within the sam-
polyposis associated colorectal tumors,20. 32  ples, a recognized susceptibility of this technique.
TP53Inpl is thought to participate in p53 mediated In addition to specific cancer-associated genes,
'gatekeeper' functions,2" GATA3 interacts with multiple separate genes/ESTs localized to specific
TGF-/3 mediated pathways of tumor suppression chromosomal regions showed increased or de-
and has been shown to be coexpressed with creased expression in the high NPI patient samples.
estrogen receptor,29'33'34 (Reinholz M and Lingle W, These might indirectly represent deletions or am-
Unpublished Data, 2004.) DUSP5 inhibits the plifications of these regions, the majority of which
MAP kinase pathway of cell proliferation signal- have been observed previously in cytogenetic
ing,2" and TRA1 (GRP94, or GP96) also seems to analyses of breast carcinoma. Specifically, the
impart a protective effect from malignant transfor- apparent gains at 1q21, 20q13.2, and 7p14 and
mation.3 e the apparent losses at lq23-25 and 9q33 match
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those most consistently and frequently reported in subclasses with clinical implications. Proc Natl Acad
the literature. Sci USA 2001;98:10869-10874.
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expression e of a simito se of vane 9 van't Veer LI, Dai H, van de Vijver MJ, et al. Gene
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Centrosome Amplification and the Origin of Chromosomal
Instability in Breast Cancer

Jeffrey L. Salisbury,1' 3 Antonino B. D'Assoro,' and Wilma L. Lingle1'2

The development and progression of aggressive breast cancer is characterized by genomic in-
stability leading to multiple genetic defects, phenotypic diversity, chemoresistance, and poor
outcome. Centrosome abnormalities have been implicated in the origin of chromosomal in-
stability through the development of multipolar mitotic spindles. Breast tumor centrosomes
display characteristic structural abnormalities, termed centrosome amplification, including:
increase in centrosome number and volume, accumulation of excess pericentriolar mate-
rial, supernumerary centrioles, and inappropriate phosphorylation of centrosome proteins.
In addition, breast tumor centrosomes also show functional abnormalities characterized by
inappropriate centrosome duplication during the cell cycle and nucleation of unusually large
microtubule arrays. These observations have important implications for understanding the
mechanisms underlying genomic instability and loss of cell polarity in cancer. This review
focuses on the coordination of the centrosome, DNA, and cell cycles in normal cells and
their deregulation resulting in centrosome amplification and chromosomal instability in the
development and progression of breast cancer.

KEY WORDS: aneuploidy; centriole; cell cycle; mitosis.

INTRODUCTION ture, and organization in yeast and in mammalian
somatic cells, and in early embryo development in

The centrosome is a fascinating organelle that model systems such as Drosophila and the nema-
resides near the cell center (hence its name, see (1)). tode (7-9). Recently, a comprehensive catalogue of
It functions in the maintenance of cytoplasmic archi- centrosome composition was determined using mass-
tecture through the nucleation and organization of spectrometry-based protein correlation profiling in
microtubules in interphase and mitotic cells (2-4). In which several proteins linked to the etiology of cer-
addition to its fundamental role in microtubule or- tain disease processes including cancer were identi-
ganization, the centrosome may also provide an im- fled as putative centrosome proteins (10).
portant structural context for coordinating cell cycle
regulation (5,6). Understanding the molecular basis Centrosome Structure
for these diverse cellular functions is beginning to
emerge through the careful analysis of centrosome Structurally, centrosomes consist of four fun-
genes and proteins, and centrosome formation, struc- damental components: a core structure consisting

of a pair of centrioles that serve as a centrosomal
ITumor Biology Program, Mayo Clinic College of Medicine, organizer; a surrounding protein lattice or matrix

Mayo Clinic, Rochester, Minnesota. called pericentriolar material (PCM) that serves as
2 Division of Experimental Pathology, Mayo Clinic College of a framework to anchor microtubule nucleation sites;

Medicine, Mayo Clinic, Rochester, Minnesota.
3 To whom correspondence should be addressed at Tumor Biology y-tubulin complexes that are responsible for the nu-

Program, Mayo Clinic College of Medicine, Mayo Clinic, cleation of microtubules; and finally fibers composed
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contractile or elastic connections between the vari- G1 phase of the cell cycle the two centrioles, which
ous elements of the centrosome, which mediate dy- originated in previous cell cycles, are typically ori-
namic changes in its overall structure and regulate ented in a characteristic arrangement orthogonal to
centriole duplication, one another. As cells pass the G1 restriction point

Centrioles are small barrel-shaped organelles and commit to DNA replication subsequent to cell
(-200 nm diameter and 400 nm in length) consist- division, the two centrioles separate a short distance
ing of a cylindrical array of nine triplet microtubules from one another (centriole disjunction). Nascent
(11,12). Once during each cell cycle the centrosome procentrioles form at the proximal end orthogonal
duplicates in a process that is initiated with the dou- to each preexisting centriole (29,30). During G2/M
bling of centrioles. The centriole pair embodies an in- phase of the cell cycle, centrosome duplication is
trinsic counting mechanism that establishes the num- completed through a maturation process involving
ber of functional centrosome equivalents in the cell the recruitment of additional PCM protein, and each
such that a pair of centrioles equals one, and two new centrosome, containing one old and one new
pair of centrioles equals two centrosome equivalents centriole, functions as a spindle pole during mito-
(13). Recent studies suggest that centrosome size and sis. The presence of only two centrosomes in the cell
organization of PCM depend on the integrity of the as it enters mitosis ensures the formation of a bipo-
centrioles themselves (8,14-16). lar spindle and the equal segregation of sister chro-

Pericentriolar material (PCM) is structurally matids to each daughter cell. Mitotic spindle poles
complex and consists of a lattice or matrix of also play a role in determining the position and ori-
coiled-coil proteins (7), including pericentrin (17,18), entation of the cleavage furrow and in exit from cy-
Cep135 (19), AKAP-450 (20,21), and ninein (22). tokinesis (31,32). While centriole duplication occurs
Several of these coiled-coil proteins act as anchors in a semiconservative fashion in most cells as de-
for other essential centrosome proteins and for key scribed above, during development and in certain
regulators of centrosome function. For example, y- cells under special experimental circumstances cen-
tubulin complexes are anchored to the centrosome trioles can arise de novo (33-35).
by pericentrin (18,23), and protein kinase A is an-
chored by both pericentrin and the protein kinase
A anchoring protein AKAP-450 (21,24). Centro- Coordination of the Centrosome,
somes increase in size through the recruitment of DNA, and Cell Cycles
PCM, and the two centrosomes of G2/M cells show
a dramatic increase in microtubule nucleating activ- Progress in understanding the centrosome du-
ity as they function as spindle poles during mitosis plication cycle has recently accelerated. Centrosome
(8). duplication is strictly coordinated with DNA repli-

Centrosome organization is regulated by dy- cation, mitosis, and cell division (6). The control
namic behavior of calcium-sensitive fibers, composed of centrosome duplication is tightly coupled to cell
of the proteins Sfilp and centrin that link the cen- cycle progression through pathways of regulation
trioles to one another and to the surrounding peri- that operate in parallel. The first of these regula-
centriolar material, and by their cell cycle-dependent tory pathways operates through activity of cell cycle
integrity (9,25-27). Remarkably, Sfil protein binds regulators, including Cdk/cyclin A and E, which co-
multiple centrin molecules along a series of internal ordinate the cell, centrosome, and DNA cycles (6,36-
repeats, and the complex forms Ca2+-sensitive con- 38). The second control pathway involves the p53-
tractile fibers that function to reorient centrioles and mediated G1/S and G2/M cell cycle checkpoints that
alter centrosome structure, monitor DNA integrity and arrest centrosome dupli-

cation through the induction of p2 1wanf synthesis and
consequent inhibition of the cdk/cyclins (39-41). The

Centrosome Duplication third regulatory pathway operates through the con-
trol of abundance and function of the key centriole

The centrosome is duplicated once, and only proteins and the activation of centrosome-directed
once, during a normal cell cycle to yield two centro- kinases and phosphatases.
somes that function as the spindle poles of the divid- Evidence suggesting a direct role for the Cdks
ing cell (28). The process is most clearly illustrated in regulating the mitotic activity of centrosomes first
by duplication of the centrioles themselves. In early came to light from studies on the localization of
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cyclin B and Cdkl (p34cdc2) at the centrosome during recent evidence suggests that uncoupling of the cen-
G2/M phase, and from experiments using Xeno- trosome and DNA cycles can occur only in cells that
pus cell-free extracts that implicated cyclin A and are defective in G1/S checkpoint controls. Several
B in the control of microtubule dynamics (42-45). studies suggest that loss of p53 function and cer-
More recently, the direct involvement of Cdk2 ac- tain gain-of-function p53 mutations result in dereg-
tivity in regulation of centrosome duplication was ulation of centrosome duplication and lead to func-
established. Both centrosome duplication and DNA tionally amplified centrosomes (59-61). The tumor
replication are dependent on Cdk2 activation and suppressor protein p53 is involved in the control
are blocked by the Cdk2 inhibitors butyrolactone of centrosome duplication through activation of the
I and roscovitine (38,39,46). Cdk2/cyclin E activity G1/S checkpoint and transcriptional regulation of
was subsequently identified as a key regulator of several downstream targets including the Cdk in-
the centrosome cycle, since centrosome duplication hibitor p2lwan (39-41). p2lwan blocks centrosome
was blocked by the small protein inhibitors of Cdk2, duplication through inhibition of Cdk2/cyclin E ac-
p2lwafl or p27, or by immuno-depletion of Cdk2 or tivity. Moreover, reduced activity of p2lwal by anti-
cyclin E, and centrosome duplication was restored by sense expression in human cell lines resulted in cen-
excess purified cdk2/cyclin E (36-39). An early event trosome amplification (62).
in the centrosome duplication cycle, the separation Even so, while introduction of wild-type p53 into
of the centriole pair (centriole disjunction), is depen- p53-/- mouse embryonic fibroblasts reestablished
dent on Cdk2/cyclin E activity, suggesting that a Cdk- centrosome homeostasis, overexpression of p2lwafl
mediated phosphorylation event regulates centriole only partially restored control of centrosome dupli-
pair cohesion (37,47). cation in p53-null fibroblasts (63). Thus other con-

Additional protein phosphorylation events play trol pathways and downstream targets of p53 may
key roles in controlling centrosome behavior and also play important roles in the control of centro-
function during the cell cycle (48). Centrosome some homeostasis. For example, p53 mutations and
protein phosphorylation increases dramatically at cyclin E or cyclin A overexpression act synergistically
the onset of mitosis and falls precipitously at the to further increase the frequency of centrosome am-
metaphase/anaphase transition (49-52). Importantly, plification in cultured cells and in tumors (39,64).
several centrosome-associated kinases and target Recently, we investigated the relationship be-
substrates implicated in the regulation of the cen- tween G1/S checkpoint integrity and development
trosome cycle become altered during the develop- of centrosome amplification (39). We studied the ef-
ment of centrosome amplification in cancer (53-56). fect of genotoxic stress in breast tumor derived cell
Finally, centrosome duplication also depends on the lines with different p53 backgrounds and found that
phosphorylation status of the retinoblastoma tumor p53 activity, through upregulation of p2lwAF1 and
suppressor Rb, which governs the availability of the retinoblastoma hypophosphorylation, is essential for
E2F transcription factor to promote S phase pro- the maintenance of centrosome homeostasis follow-
gression (57). Taken together, these findings estab- ing DNA damage. We also found that loss of p53
lish the mechanism by which DNA replication and function and an abrogated G1IS cell cycle checkpoint
centrosome duplication are coordinated during the are not sufficient to drive centrosome amplification,
cell cycle: both DNA replication and centrosome du- but rather the development of centrosome defects
plication are controlled by the Rb pathway and de- required subsequent genotoxic stress to dissociate
pend on downstream transcriptional consequences of the DNA and centriole duplication cycles. Taken to-
E2F activity, and both processes require Cdk2/cyclin gether, these studies suggest that the p53 pathway
activation. and the cdk/cyclins are key players in the regulation

of centrosome behavior in normal cells. These find-
ings also suggest that an imbalance between nega-

The Centrosome and DNA Cycles tive and positive cell cycle regulators could acceler-
Can Be Uncoupled ate centrosome defects seen in the development of

cancer.
In certain cells, multiple rounds of centrosome It is important to emphasize that during cancer

duplication can occur when DNA replication is progression, centrosome amplification and genomic
blocked, so that the centrosome cycle is not strictly instability can also develop independently of loss of
dependent on DNA replication per se (58). However, p53 function, suggesting the presence of alternative
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pathways leading to disregulation of centrosome as a consequence of an increased rate of multipolar
homeostasis (65-68). Mutations in the BRCA1 and spindle formation (Fig. 1) (53,68,87). Together, these
BRCA2 tumor suppressor genes associated with the observations underscore the importance of proper
development of familial breast and ovarian cancers coordination of the centrosome and cell cycles, and
also have been implicated in the loss of control illustrate the potential for severe consequences when
of the centrosome cycle (69). BRCA1 protein lo- proper regulation of these processes fails.
calizes at the centrosome during mitosis, and the
hypophosphorylated form of BRCA1 coimmuno- Centrosome Amplification, Chromosomal
precipitates with y-tubulin (70-72). Mouse embryo Instability, and p53 in Human Breast Tumors
fibroblasts carrying gene-targeted deletions in
BRCA1 or BRCA2 showed a defective G2/M check- Chromosomal abnormalities have long been rec-
point function, amplified centrosomes, aberrant ognized as a distinguishing feature of cancer cells,
mitoses, and aneuploidy (71,73). GADD45, a down- and the development of aneusomy may be an early
stream transcriptional product of the p53 pathway, event in breast tumor development (88,89). One
has also been implicated in both DNA damage re- mechanism for the origin of genomic instability in
pair and activation of the G2/M checkpoint (74,75). cancer is through flux in karyotype or chromosomal
Cells lacking GADD45 expression show centrosome instability (CIN), which can give rise to aneuploidy.
amplification, mitotic spindle defects, and chromo- Operationally, CIN describes the rate of change in
somal instability (76). These studies highlight the chromosome number,. while aneuploidy is character-
evidence that centrosome amplification can develop ized as the state of an altered chromosome number
through alternative pathways that converge on G1/S (67,90). Because duplicated centrosomes function as
and/or G2/M checkpoint regulators, implying a link the mitotic spindle poles and are responsible for
between the control of the centrosome cycle and the bipolar spindle formation and proper chromosome
DNA repair machinery, segregation during mitosis, it has been suggested

that centrosome amplification could drive tumor ane-
uploidy by increasing the frequency of abnormal

Centrosomes and Cancer mitoses that lead to chromosome missegregation
(53,54,68,91,92).

Centrosome defects have been implicated in dis- In a comprehensive study of normal and ma-
ease processes, particularly in the origin of mitotic lignant human breast tissue, we examined the re-
abnormalities and the development of aneuploidy in lationship between centrosome amplification, aneu-
cancer (77). Recent studies implicate centrosome de- ploidy and CIN, and loss of tissue differentiation
fects in the origin of chromosomal instability and the (68). Our studies demonstrated for the first time us-
pathogenesis of cancer (53,68,78-82). Centrosome ing primary breast tumors that two aspects of cen-
defects (i.e., centrosome amplification) are charac- trosome amplification correlate independently with
teristic of many solid tumors. The term "centro- distinct features of breast cancer (53,68,84). Firstly,
some amplification" signifies centrosomes that con- increased centrosome size and centrosome number
tain more than four centrioles (i.e., "supernumerary correlated with CIN. We further demonstrated that
centrioles"), centrosomes that appear significantly increased centrosome size is present in most in situ
larger than normal as defined by the staining of lesions, supporting the hypothesis that centrosome
structural centrosome components in excess of that abnormalities drive chromosomal aberrations as an
seen in the corresponding normal tissue or cell type, early event in DCIS. In addition, increased MT nu-
and/or when more than two centrosomes are present cleation capacity of centrosomes correlated with loss
within a cell (53,83,84). In addition, amplified centro- of tissue differentiation-MT nucleation was signif-
somes also show protein hyperphosphorylation and icantly greater in tumors with p53 mutations, which
altered functional properties such as an increased also showed significant loss of tissue differentia-
microtubule nucleating capacity (53-55,85,86). These tion as indicated by high histologic grade. Together,
centrosome abnormalities have been implicated in these results support the hypothesis that centro-
the loss of cell and tissue architecture seen in can- some amplification is an early event in tumorigene-
cer (i.e., anaplasia) through altered centrosome func- sis that drives both chromosomal instability and loss
tion in microtubule nucleation and organization, and of differentiation through independent centrosome
also in chromosome missegregation during mitosis functions.
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Fig. 1. Breast tumor cell lines with normal (A) or amplified (B) centrosomes. Centrioles
are stained green for centrin and pericentriolar material is stained red for pericentrin.
Bar = 10 #m. Multipolar spindles (C and D) illustrating the mechanics generating chro-
mosomal instability during mitosis in cells with amplified centrosomes. Centrioles are
stained green for centrin, spindle matrix is stained red for the motor protein Eg5, and
kinetochores are stained light blue with human autoimmune serum. Bar = 1 Am. DNA
is stained blue with Hoechst 33342 in all images.

Interestingly, our studies on human breast tis- all survival (93-96). Likewise, centrosome amplifica-
sue also demonstrated that centrosome amplification tion correlated with loss of differentiation as defined
and aneuploidy occur independently of p53 mutation by increased Gleason score in prostate tumors (92).
(68,87). Our results demonstrate that increased MT Together these observations implicate alterations in
nucleation capacity is a feature of centrosome am- functional properties of centrosomes in maintain-
plification that is independent of centrosome num- ing the morphological changes associated with tumor
ber and centrosome size in breast tumors. While MT development.
nucleation capacity did not correlate with CIN or Although p53 mutation has been suggested as
aneuploidy, it was significantly greater in p53 mu- a cause for CIN in breast cancer (97), our results,
tant aneuploid tumors than in aneuploid tumors with and results from other studies (68,87,98,99), demon-
wild-type p53. MT nucleation capacity did corre- strate that while aneuploidy and CIN can occur in
late with increased Nottingham Grade, suggesting a the absence of p53 mutation, they do not occur in
relationship between defects in the MT cytoskele- the absence of structural centrosome amplification.
ton and loss of tissue differentiation. In single- and While mutant p53 was present in a significant por-
multi-center studies, Nottingham Grade predicted tion of breast tumors, its occurrence was not pre-
clinical outcome, with increasing grade being asso- requisite to the development of aneuploidy. In the
ciated with shorter disease-free survival and over- cases where mutant p53 is a factor, it is likely that
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Estrogens play a crucial role in the causation and development of sembly of multipolar spindles during mitosis (21-23). As a result,
sporadic human breast cancer (BC). Chromosomal instability (CIN) the maintenance of the diploid genome is lost through GIN leading
is a defining trait of early human ductal carcinoma in situ (DCIS) and to the development of tumor cell heterogeneity in BC. Moreover,
is believed to precipitate breast oncogenesis. We reported earlier it has been suggested that Aur-A may have a role in controlling
that 100% of female ACI (August/Copenhagen/Irish) rats treated chromosomal segregation events because it specifically associates
with essentially physiological serum levels of 17p3-estradiol lead to with interphase centrosomes, mitotic spindle poles and microtu-
mammary gland tumors with histopathologic, cellular, molecular, bules, and the spindle midbody (24, 25). Overexpression of Aur-A
and ploidy changes remarkably similar to those seen in human DCIS has been shown to effect neoplastic transformation of mammalian
and invasive sporadic ductal BC. Aurora-A (Aur-A), a centrosome cells, both in vivo and in vitro (25, 26), and occurs with high
kinase, and centrosome amplification have been implicated in the frequency (>90%) in human DCISs and in primary invasive ductal
origin of aneuploidy via CIN. After 4 mo of estradiol treatment, BCs (27, 28). The studies presented herein link E exposure to the
levels of Aur-A and centrosomal proteins, ,-tubulin and centrin, overexpression of Aur-A, y-tubulin, and centrin, as well as to
rose significantly in female ACI rat mammary glands and remained centrosome amplification, GIN, and aneuploidy, and ultimately to
elevated in mammary tumors at 5-6 mo of estrogen treatment. mammary gland tumor (MGT) development. Importantly, these
Centrosome amplification was initially detected at 3 mo of treat- events occur at or nearly physiological, albeit constant, serum E2
ment in focal dysplasias, before DCIS. At 5-6 mo, 90% of the concentrations in susceptible murine breast cells.
mammary tumor centrosomes were amplified. Comparative
genomic hybridization revealed nonrandom amplified chromo- Materials and Methods
some regions in seven chromosomes with a frequency of 55-82% Animals and Treatment. Intact, cycling female ACI (August/
in 11 primary tumors each from individual rats. Thus, we report Copenhagen/Irish) rats, 6 weeks old and weighing 90-110 g
that estrogen is causally linked via estrogen receptor a to Aur-A (Harlan-Sprague-Dawley, Indianapolis), were housed in facil-
overexpression, centrosome amplification, CIN, and aneuploidy ities certified by the AAALAC. The rats were acclimated for 1
leading to BC in susceptible mammary gland cells. week before treatment. They were maintained on a 12-h light/

dark cycle, fed ad libitum Teklad Rodent Diet 8604 and tapM ore than 90% of all human breast cancer (BC) cases are water, and divided into three groups of 20 rats each. Group 1
sporadic (1). Numerous epidemiological and animal studies received either no treatment or a 20-mg pellet of cholesterol.

show that both endogenous and exogenously ingested estrogens Groups 2 and 3 received either a single E2 pellet containing 2 or
(Es) play a central, if not paramount, role in the causation and 3 mg of E2 plus 18 or 17 mg of cholesterol, respectively. The
development of human sporadic BC (2-6). Recent epidemiological pellets (Hormone Pellet Press, Shawnee Mission, KS) were
studies show only a minimal rise in BC risk in postmenopausal implanted in the shoulder region as reported in refs. 5 and 14.
women taking E replacement therapy over varying periods of use The rats were killed at 3, 4, 5, and 6 mo of treatment. Over this
(7-9). In premenopausal women, however, all of the well estab- period, the serum E2 concentrations ranged from 55 to 85 pg/ml
lished risk factors clearly implicate Es in the causation of BC (2-6). and from 110 to 140 pg/ml after a 2- or 3-mg dose of E2 ,
In this latter group, 17p3-estradiol (E2) concentrations, all in the low respectively, as reported in ref. 5. At either E 2 dose, 100% MGT
picogram range, within narrow limits of serum and breast tissue incidences were obtained, albeit the MGTs were modestly larger
levels (10-13), are sufficient to increase sporadic BC risk. There- and more numerous at the higher dose. Rats were killed by
fore, it is essential to gain a better understanding of how Es, at these decapitation and immediately subjected to macroscopic exami-
physiological concentrations, elicit their oncogenic effects in sus- nation for the presence of MGTs, and the number and site were
ceptible target tissues. recorded. The abdominal inguinal mammary glands (MGs) were

Chromosomal instability (CIN) and aneuploidy are defining quickly removed. Portions of the MGs and MGTs were imme-
traits of early human BC ductal carcinoma in situ (DCIS) and diately frozen in liquid nitrogen and stored at -80°C, whereas
primary invasive ductal BCs. These distinguishing characteristics of others were fixed in 10% buffered formalin, embedded in
human BC have been seen in 55-78% of the DCISs and in 85-92% paraffin, sectioned at 5-6 tkm, and stained with hematoxylin/
of invasive ductal BCs (14-17). Aneuploidy has been a reliable eosin. The spleens of the untreated rats were rapidly placed in
biomarker for BC for many decades. However, it has not been 5 ml of RPMI medium 1640 (BioWhittaker) with L-glutamine for
realized until now that it provides an important clue to the causation immediate processing and cell culture.
of sporadic human BC and the involvement of Es in its etiology.SOverexpression of a centrosome kinase, Aurora-A (Aur-A),centrosome amplification, and GIN invariably occur together (18, Abbreviations: Aur-A, Aurora-A; BC, breast cancer; CGH, comparative genomic hybridiza-thion; CIN, chromosomal instability; DCIS, ductal carcinoma in situ; E, estrogen; E2, 17p3-19). Centrosome amplification, found in human BC, may play a key estradiol; MG, mammary gland; MGT, MG tumor.
role in the origin of CIN and aneuploidy (20-22). Errors in tTo whom correspondence should be addressed at: Department of Pharmacology, Mail
centrosome duplication/separation, frequently found (>90%) in Stop 1018. University of Kansas Medical Center, 3901 Rainbow Boulevard, Kansas City,
DCIS and in primary invasive ductal BC, are characterized by the KS 66160. E-mail: jlil@kumc.edu.
development of supernummery centrosomes resulting in the as- Q 2004 by The National Academy of Sciences of the USA
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Immunoprecipitation and Western Blot Analysis. All immunoblots untreated rat mammary epithelial tissue. Centrosome area (size)
were performed according to standard procedures by using indi- was measured in maximum intensity projections of seven con-
vidual MG and tumor cytosolic fractions from six to eight female secutive 0.5-jim optical sections. Centrosomes were scored as
ACI rats per group. The tissue samples were homogenized with a amplified in size when their measured area was more than two
polytron in a lysate buffer containing 50 mM Tris-HCl (pH 7.4), 0.2 times the average seen in untreated MGs. A cutoff of 2 times
M NaCl, 2 mM EDTA, and a mixture of protease and phosphatase larger was established to exclude centrosomes equivalent in size
inhibitors, as reported in ref. 5. The total protein concentration was to late G2 centrosomes of normal tissues. Additionally, centro-
determined with bicinchoninic acid reagents (Pierce), and equal somes were scored as amplified in number when a cluster of
amounts of protein (100 jig) were resolved by SDS/PAGE and more than two centrosomes was associated with a single nucleus.

AI electrotransferred to nitrocellulose membranes. Membranes were
probed with a -y-tubulin rabbit polyclonal antibody (H-183, Santa Spleen Culture and Chromosome Preparation. Spleens from un-
Cruz Biotechnology). Proteins were detected by using chemilumi- treated, female ACI rats were cultured as reported in ref. 14. Cell
nescence (Amersham Pharmacia). Equal loading was confirmed by culture suspensions (25 ml) were incubated at 37°C for 4-5 days,
Coomassie blue staining and immunolabeling of P3-actin (1-19, with 150 jil of Con A and 30 jil of 0.5% 2-mercaptoethanol. Before
Santa Cruz Biotechnology) of the same membranes. For Aur-A harvesting, the spleen cell suspensions were treated with colcemid.
immunoprecipitation, equal amounts of protein (1,000 jig) were
precleared with the appropriate IgG corresponding to the host DNA Isolation and Labeling for Comparative Genomic Hybridization
species of the primary antibody, together with agarose conjugate, (CGH) Analysis. Individual untreated MGs and MGTs were quickly
and incubated at 4°C for 30 min. Following the standard Santa Cruz frozen in liquid N, and the DNA was extracted by the LiCl protocol
Biotechnology protocol, immune complexes were discarded, and (32). A nick translation kit (Vysis) was used for direct DNA labeling
the supernatant was incubated by mixing at 4°C overnight with 2 jg for CGH, according to the manufacturer's recommendations. The
of Aur-A-1 antibody (L-18, Santa Cruz Biotechnology) and A/G- probe preparation, hybridization, and posthybridization steps were
agarose beads. Proteins were transferred onto nitrocellulose mem- carried out according to the University of Colorado Health Science
branes. For centrin immunoprecipitation, protein aliquots (1,000 Center, Cancer Center Cytogenetics Core FISH Protocol 12 "CGH
jig) were incubated with 2 jg of MC1 anti-centrin (prepared in the with Directly Labeled Probes." CGH analyses were performed in
laboratory of J.L.S.) and precipitated with A/G agarose as de- an average of 10 metaphase spreads per individual MGT as we have
scribed above. After SDS/PAGE, the gels were treated as described reported (33). Chromosomes were identified by using digitally
by Errabolu et al. (29). The blots were visualized by chemilumines- inverted images of DAPI-banded metaphases and an ACI rat
cence. Densitometry of Western blots and immunoprecipitation idiogram implemented in the image analysis software. For CGH
analyses were quantitated by using a Molecular Dynamics Personal detection of regional gains and losses, thresholds of 1.20 and 0.80
Densitometer and IMAGEQUANT software. for over- and underrepresentation were used, respectively. Ratio

profiles were generated with the CGH package of QUIPS software
RT-PCR. Tissue total RNA was extracted by polytron homogeni- (Vysis) and displayed along with idiograms of rat chromosomes.
zation, using 1 ml of TRIzol per 100 mg of tissue. After Fluorescence ratio values exceeding the thresholds were regarded
centrifugation, each sample was treated with 0.2 vol of chloro- as copy gains (fluorescence ratio > 1.2) or losses (fluorescence ratio
form, shaken, and centrifuged. The total RNA was precipitated <0.8). As a precaution against region- or band-specific ratio
with isopropanol and dissolved in diethyl pyrocarbonate-water.
RNA concentration was determined by 260-nm absorbance. The
exponential range of amplification was determined by varying A
the number of PCR cycles for each cDNA and a set of two 4Wa
primers, forward 5'-GGCGAATGCTTT GTCCTACT and re- RT-PCR --a Aurora A

5 verse 5'-CCGTCACAAAGTCAGGGAAT. These primers rep- MCI MC2 ME4, ME42 MGT MG
,> resent a specific sequence of the catalytic domain of Aur-A. I 22T 2

RT-PCR was conducted by using the Invitrogen standard pro-
tocol for Moloney murine leukemia virus reverse transcriptase B
and Taq recombinant DNA polymerase, according to the man- kDa
ufacturer's instructions. PCR products were separated on 1.5% 50-
agarose gels and visualized with ethidium bromide. The PCR .. .Aurora A
product size was 350 bases. For actin, the forward primer was
GGCATCCTGACCCTGAAGTA, the reverse primer was GC- MC. MC2 ME4 ME4 2 MGT1 MGT 2
CATCTCTTGCTCGAAGTC, and the PCR product was 497 g 1.4 48
bases.

1.2. 30
Centrosome Amplification: Number and Volume. Centrosome am- 10 20
plification was assessed by confocal microscopy of paraffin 2O
sections immunolabeled with a monoclonal antibody against the 0.8 10
centrosomal protein X-tubulin (Sigma clone gtu-88C) (30, 31). 0.8
Determinations made were based on average values of centro- MC ME4 MGT MC ME4 MGT
somes in four randomly selected fields of view. A minimum of RT-PCR Protein
100 centrosomes were analyzed from untreated ACI rat MG
epithelial tissue, ductal cells with and without dysplasia, cells Fig. 1. Expression of Aur-A gene (A) and protein (B) in untreated MGs,

confined to DCIS, and primary E2-induced tumors, derived from E2-treated MGs, and E2-induced MGTs. Representative individual samples of

three to five individual rats. Although fields of E2-induced age-matched, untreated control (MC1 -2), 4.0-mo (ME4 1-2), and E2-induced
primary MGT cells largely exhibited uniform centrosome am- MGTs (MGT1-2) were used. (A) Electrophoretic image of RT-PCR of Aur-A andprification, robusT centrogely apifitenifonm infdsof l lar- 3-actin mRNA, used as an internal control. RNA processing, primer details, and
:: plification, robust centrosome amplification in fields of lobular- RT-PCR conditions are described in Materials and Methods. B Upper shows a
alveolar hyperplasia was only seen when it coincided with groups Western blot of the relative expression of immunoprecipitated Aur-A in the
of focal dysplastic cells. Centrosomes were scored as amplified same treatment groups. B Lower shows the Aur-A mRNA (E) and protein (0)
if they were larger in size and/or number than seen in normal, relative expression. The values represent the mean ± SE (n = 8).
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and DNA dye Hoechst 33342 (blue) (A'-F') in areas corresponding to hematoxylin/eosin-stained sections (A-fl. (A and A') Untreated rats. Centrosomes in ductal
•:' : cells are apical to the nucleus and often appear as a pair of adjacent spots. The size of the centrosome spots, including those in the fibroblast at the bottom of

•i A', is uniform. (B and B') dysplasia after 3.0 mo of E2 treatment. Centrosomes are often larger than those from untreated rats. (C and C') Dysplasia after 4 mo
Sof treatment. Centrosomes are often amplified in number and size. (D and D') DCIS after 5 mo of treatment. Centrosome amplification in size and number is
S evident. (E and E') DClS after 6 mo of treatment. Many centrosomes are much larger and often more numerous than centrosomes in control tissues. (F and F')
- E2-induced MGT. Centrosomnes are consistently amplified in both size and number. (Black scale bar, 45 jim; white scale bar, 20 jim.)

••:!: fluctuations, CGH hybridizations were verified by exchanging flu- Results
:: orescent labels in the tumor and reference DNA, as described in Aur-A Kinase mRNA and Protein Expression. Aur-A mRNA (Fig. 1A)

• refs. 34 and 35. For CGH analyses, a criterion of --30% frequency and protein (Fig. iB) expression were assessed in control MGs
Sof occurrence within any given tumor was considered as a nonran- and primary MGTs from 4-mo E2-treated ACI rats. Employing

dom/consistent amplified/deleted region. RT-PCR, a 1.4- and a 1.5-fold increase in Aur-A mRNA was
: detected after 4 mo of E2 treatment and in primary MGTs,SStatistical Analysis. The significance of differences in protein/RNA respectively, compared with age-matched untreated MGs (Fig.

S : expression and centrosome amplification between experimental 1A). Western blot analyses showed a 7.2-fold increase in Aur-A
Sgroups was determined by using Student's t test. The data for the protein expression after 4 mo of E2 treatment, compared with

CGH analysis were analyzed by the exact binomial distribution test age-matched control MGs, whereas primary MGTs exhibited a
that determines the occurrence/nonoccurrence of an event. 7.4-fold rise (Fig. iB).
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Fig. 3. The percentage of amplified centrosomes relative to untreated MG C 31
controls in ductal cells without atypia after 3 mo of E2 treatment is 7%
compared with 30% in dysplastic cells (DYSPL) after 3 mo of treatment. 25 70

Amplification increased from 30% to 38% in DCIS after 4 and 5 mo of E2. . 20 65
treatment, respectively, while 90% of MGT centrosomes were amplified. " 15

asoC, 10 10 -

Centrosome Amplification. Untreated cycling female ACI rat MG 5 5
epithelial tissue exhibited normal position and complement of 0 - 0 , ,
centrosomal protein y-tubulin by immunofluorescence staining. MC ME4 MGT MO MGT
The r-tubulin labeling was confined to the pair of centrioles apical Ys + 7f Tubulin Centrin
to the nucleus and proximate to the luminal membrane (Fig. 24).
All untreated ACI rat MG tissues showed comparable levels of Fig. 4. Immunoblot analysis of the relative expression of ,-tubulin (A) and
y-tubulin immunostaining, including epithelial, myoepithelial, and centrin (B) in untreated MGs, E2-treated MGs, and E2-induced MGTs. Whole-
stromal cells. Similarly, unaffected MG tissue adjacent to E2- cell lysates from HeLa cells (HC), used as a positive control; age-matched

induced MGTs also exhibited normal centrosome staining distri- untreated control, MC; 4-mo treated, ME41-2; and E2-induced MGT 1_2 were
bution. However, E2-induced MGTs showed a markedly elevated prepared. (A) For y-tubulin, 100-jIg protein fractions were examined by

Western analysis. (B) For centrin, 1,000-/Ig protein fractions were immuno-
number of centrosomes, which were larger and lacking the orga- precipitated as described in Material and Methods. Lower shows the relative
nized distribution seen in untreated control MG cells (Fig. 2 F and expression of y,-tubulin + yf-tubulin (mn) and centrin (0l). The values represent
F'). Centrosome amplification was evident in dysplasia as early as the mean ± SE (n = 6).
3 mo after E2 treatment (Fig. 2 B, B', C, and C'). After 4 and 5 mo
of E2 treatment, a significant increase (P < 0.002) in centrosome
amplification was detected in groups of cells residing in DCISs (Fig. MGT revealed nonrandom amplified regions in chromosomes 1,
2 D, D', E, and E'). However, other cells within the same DCISs 4, 7, 9, 11, 13, and 20. The consistently amplified regions seen in
exhibited a normal complement of centrosomes. The DCISs after all MGTs examined were present in 54.5-81.9% of the meta-
4 and 5 mo of E2 treatment were predominantly cribriform phase spreads analyzed (Table 1). Amplification of chromo-
(ER÷/PR+), whereas papillary, comedo, and solid types were less somal regions 1q21-22 and 7q33 include the loci for cyclin El
common. With respect to the y-tubulin staining marker (Fig. 3), (D.P., unpublished work) and c-myc (14), respectively (Fig. 5 A
30% of centrosomes were amplified in areas of dysplasias at 3 mo and B and Table 1). These results indicate that cyclin El, in
(P < 0.002), whereas 38% were amplified in DCIS after 4 mo (P < addition to c-myc, may also be amplified in E2-induced MGTs.
0.002). In primary MGTs, -90% of the centrosomes observed were

• amplified (P < 0.001). Conversely, in ducts without atypia, only 7% Discussion

of the centrosomes were amplified after 3 mo of E2 treatment. Centrosome amplification, CIN, and aneuploidy are striking
These results indicate that centrosome amplification is an early features of human DCIS and BC (21, 22, 30, 14-17). Recently,
event that becomes more pronounced during progression to we have shown that Fisher and SD female rats administered with
frank MGTs. synthetic chemical and environmental carcinogens yielded pri-

marily diploid MGTs, whereas MGTs induced by E2 alone in
Centrosome Protein Expression. A single y,-tubulin band was evident ACI rats were highly aneuploid (14). The molecular alterations
in untreated MGs (Fig. 4A). Two forms of y-tubulin (yr: fast, 50 reported here, in E2-treated female ACI rat MGs and MGTs,
kDa; and ys: slow, 52 kDa) were observed in MGTs. After 4 mo of which precede aneuploidy, are similar to those seen in early
E2-treatment, the yrtubulin was reduced and the -y,-tubulin was preinvasive human sporadic breast lesions and thus likely to be
increased (Fig. 4A). In E 2-induced MGTs, a 2.4-fold rise was distinctively related to the causation of this disease. The pre-
observed in total (,yf + -y) y-tubulin when compared with untreated vention of E 2-induced MGTs in female ACI rats by the con-
MGs, whereas a rise of 1.4-fold was detected after 4 mo of E2  comitant administration of tamoxifen (5) strongly indicates that
treatment. Centrin levels were increased 11.2-fold in the MGTs the MGTs induced are driven and mediated by E via ERa.
compared with untreated MGs (Fig. 4B). These results are consis- Moreover, both histological changes and the induction of ERa
tent with the centrosome amplification detected in both E2-induced and progesterone receptor isoforms were also prevented by the
DCISs and primary MGTs reported here. concomitant tamoxifen treatment (5).

The high frequencies of E2-mediated centrosome amplification
CIN: CGH Analysis. CGH analyses, employing MGT DNA from observed in dysplasias, DCISs, and primary MGTs in female ACI
female ACI rats, showed consistent regional genomic alterations rats reported herein link these centrosome defects to the CIN and
in 11 E2-induced MGTs derived from individual rats. Analysis of aneuploidy in DCISs and MGTs shown previously by us (14).
10-12 CGH metaphase spreads from each E2-induced primary Furthermore, the centrosome amplification found in most but not
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Table 1. Frequency of genomic alterations determined by CGH analysis in female ACI rat
E2-induced mammary tumors

Chromosome Genetic alteration Region* Locus* Ratiot Frequency, % P value*

1 q11-q22 1q21-22 Ccnel 7/11 63.6 0.017
46 q41-q44 4q32-44 Ccnd2 7/11 63.6 0.005
P q31-q33 7q33 c-myc 9/11 81.9 0.005
9 ql1-q13 6/11 54.5 0.056

11§ p-ql1 6/11 54.5 0.056
13§ q 7/11 63.6 0.017
205 p12 9/11 81.9 0.005

h Eleven individual MTs were examined with an average of 10 metaphases per MT.
*From Entrez Genome, Ratus norvegicus Map View (www.ncbi.nlm.nih.gov/mapview/maps.cgi).
tFrequencies :t30%.
*Analyzed by binomial distribution.
§Chromosomal alterations identified by karyotype analysis.

all cells within a given DCIS suggests that the development of these cyclin E.cdk2, but not cyclin D1 or A, in immortalized rat embryo
MGTs is clonal. Interestingly, hamster tumors in the kidney and fibroblasts and human breast epithelial cells resulted in CIN (45).
their early tumorous lesions induced by E treatment alone also Centrosome-associated kinases are key regulators of centro-
exhibited high frequencies of centrosome amplification, CIN, and some maturation, chromosome segregation, and cytokinesis (18,
aneuploidy (33, 36, 37). These molecular changes appear to be 46-48). Overexpression of Aur-A in NIH 3T3 cells has been
common features of E-induced oncogenic processes. Although the shown to induce centrosome amplification, aneuploidy, and
precise sequence of these events leading to tumor aneuploidy is transformation (25). After ectopic overexpression of Aur-A in
unresolved (26, 38, 39), it is evident that there is an early loss of MCF-7 cells, similar changes were detected (26). These results
normal centrosome homeostasis, shown here, in E2-mediated dys- clearly indicate that Aur-A when overexpressed behaves as an
plasias, DCISs, and primary MGTs in female ACI rats. This process oncogene. Aur-A overexpression has been seen in 94% of 33
may involve the E-mediated c-myc overexpression and the down- invasive ductal BC samples, irrespective of the histopathology .
stream deregulation of the cell cycle (40), indicated by the overex- type, when compared with normal ductal breast tissue (27). Thisstram ereulaionofthecel cyle 40) idictedby he verx- finding is comparable to the frequency of Aur-A overexpressionpression of cyclin E.cdk2 and eventual amplification of c-myc (14). sendher iso lely tde primary AC rA Mvesex Theseen here in solely E2-induced primary ACI rat MGTs. The
This sequence is similar to that reported by us in the E2-induced finding that in 4-mo E2-treated MGs, Aur-A expression, both
tumors in the hamster kidney (37, 41). These data suggest there is mRNA and protein, rose to a level essentially equal to that of
an intimate causal relationship between the deregulation of cell
cycle components and centrosome amplification, leading to CIN. coincident rise in DCISs found at this treatment interval. These
Consistent with our findings, MYC protein overexpression elicits data indicate that the high levels of Aur-A in DCISs may be a
CIN and increased tumorigenicity in rat 1A cells (42). In these cells, crucial event during early MGT development. Our finding is
ectopic expression of c-myc perturbs the coupling of DNA repli- consistent with a recent report showing markedly high levels of
cation and mitosis (43). Moreover, rat 1A-Myc ER cells in the Aur-A in human breast DCISs (49).
presence of E exhibited irreversible chromosomal aberrations, Although Aur-A overexpression and centrosome amplifica-
including numerical changes (44). Downstream, overexpression of tion were detected in N-nitrosourea-induced rat MGTs (50), the

A B

U1 1,4

4ý 14 x 11 is

Fig. 5. CGH of an ACI rat mammary gland tumor. (A) Representative CGH rat spleen karyotype employing female ACI rat E2-induced primary MGTs. DNA was
detected in green (SpectrumGreen FITC, Vysis) and untreated MG DNA in red (SpectrumRed TRITC, Vysis). Note the regional gains on chromosomes 1, 3, 4, 7, 11,
13, and 20. (B) Ratio profiles of green-to-red fluorescence intensities after CGH from female ACI rat Ez-induced MGTs. Profiles from 11 individual MGTs were
normalized to an average green-to-red ratio of 1.0. The right and left lines depict the upper and lower threshold of 1.2 for overrepresentation (copy gain) and
0.80 for underrepresentation (copy loss), respectively.
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frequency of occurrence of these changes in synthetic chemical alterations (i.e., gains in chromosomes 7,11,13,19, and 20) detected
carcinogen-induced MGTs would be very low because the vast by conventional karyotype analyses, described earlier by us, for
majority (>85%) of these MGT cells are diploid (14, 51, 52). It primary ACI rat MGTs (14). Remarkably, the overexpression and
remains to be seen whether other centrosomal kinases (18, 27, amplification of the c-myc gene was found in two distinctive tumors
46, 48, 53, 54) might also be involved in effecting centrosome that have in common E as the sole etiologic agent (14, 37). Similar
amplification in solely E2-induced murine breast oncogenesis. alterations in the c-myc gene have been commonly found in human

The presence of a single y-tubulin isoform in control tissue and breast DCISs and invasive ductal BCs (58, 59). A sequence of
two y,-tubulin isoforms in E2-treated MGs and MGTs may be due cascading events is proposed for ACI rat breast oncogenesis,
to differential posttranslational modification, as has been reported beginning with E interacting with its receptor, ERa, followed byWh, in non-mammalian species (55-57). These two -y-tubulins have been c-myc/MYC protein overexpression, subsequent cyclin E.cdk2 andimplicated in having distinct roles in nucleation, organization, and Aur-A overexpression, centrosome amplification, CIN, aneuploidy,

stabilization of microtubules based on their differential binding to and ultimately BC. Thus, E is intimately linked for the first time to
centrosomes and to mitotic spindle poles (56). The slow -y-tubulin these aforementioned molecular changes leading to tumor devel-
isoform seen in the present study in MGTs may explain the opment. These findings may provide targets for the prevention and
increased microtubule nucleating capacity of amplified centro- therapeutic intervention of human sporadic BC.
somes observed in human breast tumors (30).
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Summary

In normal cells, cyclin D1 is induced by growth factors and promotes progression

through GI phase of the cell cycle. Cyclin DI is also an oncogene that is thought to act

primarily by bypassing the requirement for mitogens during GI phase. Studies of clinical

tumors have found that cyclin D1 overexpression is associated with chromosome

abnormalities, although a causal effect has not been established in experimental systems.

In this study, we found that transient expression of cyclin D1 in normal hepatocytes in

vivo triggered dysplastic mitoses, accumulation of supernumerary centrosomes,

abnormalities of the mitotic spindle, and marked chromosome changes within several

days. This was associated with upregulation of checkpoint genes p53 and p21 as well as

hepatocyte apoptosis in the liver. Transient transfection of cyclin DI also induced

centrosome and mitotic spindle abnormalities in breast epithelial cells, suggesting that

this may be a generalized effect. These results indicate that cyclin D1 can induce

deregulation of the mitotic apparatus and aneuploidy, effects that could contribute to the

role of this oncogene in malignancy.
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Introduction

A critical component of normal cell division is the accurate distribution of

chromosomes and other cellular components during mitosis. Abnormal cell division and

chromosome content are hallmarks of cancer and are associated with a poor prognosis in

a number of tumors (1,2). The mechanisms by which cells acquire chromosome changes

have not been fully identified, but alterations of centrosomes and the mitotic spindle

apparatus appear to play an important role (3-6). Most normal cells contain one

centrosome, which serves as the major microtubule organizing center and participates in

processes such as cell polarity, migration, and intracellular transport (3-7). In normal cell

division, centrosomes undergo one round of duplication in a manner analogous to the

replication of chromosomal DNA during S phase. During mitosis, centrosomes direct the

formation of bipolar mitotic spindles that assure equal segregation of chromosomes

between daughter cells.

Increased numbers of centrosomes are frequently observed in malignant cells (3-

7). This is thought to result in distortion of the mitotic apparatus and abnormal sorting of

chromosomes during cell division. The resulting changes in chromosome compliment can

lead to loss of tumor suppressor genes or gain of oncogene function that further promote

the malignant phenotype. In addition to changes in centrosome number, alterations in the

centrioles and pericentriolar material that make up the centrosome are frequently seen in

cancers. Although recent studies have provided substantial insight into the proteins that

make up the centrosome, the identity and function of centrosome components, and their

potential derangement in cancer, remain to be fully characterized.
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Recent studies have identified proteins that govern the centrosome duplication

cycle (reviewed in (5,7-11)). The activity of cyclin-dependent kinase (cdk) 2 is thought to

be required for centrosome duplication in tissue culture and cell-free systems. Relevant

substrates of cdk2 include the Mps I kinase, nucleophosmin/B23, and CP 110, which

regulate centrosome duplication. The cdk inhibitor p21, which is a downstream target of

p53, is thought to inhibit the centrosome cycle through inactivation of cdk2 activity. Cells

lacking p53 function may also be deficient in other cellular checkpoint mechanisms that

affect centrosome duplication. In addition to p53 and p21, mutations of tumor suppressor

genes Brcal, Brca2, Gadd45, and adenomatous polyposis coli are associated with

centrosome abnormalities. Conversely, overexpression of several oncogenes that regulate

the mitotic spindle apparatus, such as Ran and Aurora-A, can disrupt normal centrosome

function.

Cyclin D1 is a GI phase regulatory protein that promotes physiologic cell

proliferation downstream of mitogens and other extracellular stimuli (12-14). In addition,

cyclin Dl is a putative oncogene that is overexpressed in many human malignancies.

Constitutive expression of cyclin D1 is likely to contribute to malignant transformation

by reducing the dependency on extracellular signals that normally control proliferation -

that is, it diminishes the requirement for mitogens in the transition through the GI

restriction point. Studies of clinical tumors have found that cyclin D1 overexpression is

associated with chromosomal abnormalities (15-18), although data indicating that cyclin

Dl can cause mitotic or chromosome abnormalities is lacking. In this manuscript, we

document that transient cyclin DI expression induced centrosome amplification,

deregulation of the mitotic spindle, and overt chromosome abnormalities within a matter
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of days. These results suggest that cyclin D1 may promote malignancy by causing

genomic instability.

Experimental Procedures

Animals - All animal studies were completed following IACUC approved

techniques and NIH guidelines. Eight week old male Balb/C (Harlan Sprague-Dawley),

or p21-/- or p21+/+ (Jackson labs) mice were injected with 5 x 109 plaque-forming units

via tail vein injection of E l-deleted recombinant adenoviruses encoding cyclin D1, cyclin

E, or 13-galactosidase (control) as previously described, followed by liver harvest and

processing (19-22). The construction of the cyclin D1 (ADV-D1) and cyclin E (ADV-E)

adenoviruses is described in prior manuscripts (19,23,24); the control adenovirus is

equivalent except for the encoded transgene.

Cell Culture and Immunohistochemistry - Mouse hepatocytes were isolated

using Liver Perfusion Media and Liver Digest Media (Invitrogen). Cells were purified

through a Percoll gradient and cultured for indicated times on collagen treated glass

coverslips in Williams E media in the presence of EGF (10 ng/ml) and insulin (20

milliunits/ml) (23). Media was changed daily; colchemid (25 ng/ml) was added 3 hours

prior to fixation. Immunohistochemistry was completed on coverslips with attached cells

after being fixed in -20 C methanol and then rehydrated in PBS containing 0.05%

Tween-20. A mixture of primary antibodies, mouse monoclonal anti-c.-tubulin (Sigma-

Aldrich) and rabbit polyclonal anti-Cepl35, or anti-Cep135 and anti-centrin (gift of Dr. J.

Salisbury) were incubated as previously described (25,26). hMEC cells were incubated
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with monoclonal anti-a-tubulin and rabbit polyclonal anti-•y-tubulin (Sigma-Aldrich)

(6,27). Appropriate secondary antibodies were used to visualize staining. Microscopic

identification was completed using a Nikon eclipse microscope with epifluorescence

optics or a Zeiss LSM 510 confocal microscope. In Figure 2E, slides were stained with

DAPI and the percent of cells in metaphase was counted in three different specimens for

each condition.

Apoptosis and Flow Cytometry - TUNEL staining on formalin-fixed liver tissue

sections was performed using the ApoTag (Intergen) kit following the manufacturer's

instructions, as previously described (19). Flow cytometry was completed using

previously described methods (19,21).

Quantification ofp2l and p53 mRNA by Real-Time PCR (RT-PCR) - Total

RNA from each liver was isolated as previously described (28). RNA samples were

subjected to agarose gel electrophoresis and visualized using ethidium bromide to ensure

that the RNA was not grossly degraded. Samples of RNA (5 pLg) were treated with

DNAse I (DNA-freeTM, Ambion) according to the manufacturer's instructions. Oligo dT

primed cDNA was generated from 4 Lg of each RNA with Taqman reverse transcriptase

reagent kit (Applied Biosystems). Mouse p21 DNA sequences for upper (5'-

cggtggaactttgacttcgt-3') and lower (5'- cagggcagaggaagtactgg-3') primers, p53 upper (5'-

agagaccgccgtacagaaga-3') and lower (5 '-ctgtagcatgggcatccttt-3') primers, and V3-actin

sequences for upper (5'-aaccctaaggccaaccgtgaaaag-3') and lower (5'-

accgctcgttgccaatagtgatga-3') primers were selected using the Primerselect program

(DNASTAR, Inc., Madison). The resulting sequences were synthesized in the University

of Minnesota microchemical facility and purified by HPLC. RT-PCR was completed
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using a LightCycler FastStart DNA Master SYBR Green I Kit (Roche Molecular

Biochemicals). Samples were denatured for 10 min at 95 'C, and then 40 cycles of 95 'C

for 20 s, 60 °C for 20 s, and 68 'C for 20 s. Optimization of MgCI2 and primer

concentrations were completed as recommended by the manufacturer (2.4 mM MgCl 2 for

p21 and p53 and 3 mM for 3-actin). Primer concentrations were found to be optimal at

0.2 ýtM for p21 and p53 and 0.1 ýtM for [3-actin. For each mRNA, quantification was

completed by comparison (linear interpolation) of the cycles to saturation in each sample.

p21 and p53 mRNA were normalized to 13-actin mRNA expression (which did not

change under any of the conditions, data not shown), and the relative amounts were

determined as recommended by the manufacturer.

Transfection of Human Mammary Epithelial cells (hMEQ) - hMEC cells were

transfected with the cyclin D1 or control adenoviruses (25 plaque-forming units per cell),

seeded on glass roverslips, and harvested at 48 h as previously described (27).

Results

Persistent expression of cyclin D1 promotes abnormal hepatocyte mitoses in

vivo - Previous studies have suggested that cyclin D1 plays an important role in

regulating hepatocyte proliferation in response to extracellular stimuli (21-23,29-3 1). In

normal liver, hepatocytes rarely replicate, but these cells rapidly enter the cell cycle in

response to injuries that diminish functional hepatic mass (31,32). We have found that

transient transfection of hepatocytes in vivo with a recombinant adenovirus expressing

human cyclin D1 (ADV-D1) is sufficient to trigger hepatocyte replication and liver

7



growth under conditions where these cells are normally quiescent (20-22). Intravenously

injected replication-defective (El-deleted) adenoviruses such as these primarily target the

liver and can transfect >95% of hepatocytes; this system has been used extensively to

study the effect of transient single-gene expression in these cells (24,33-35). At two days

after cyclin Dl transfection, hepatocyte mitoses appeared normal (Fig. 1). However, at

six days the mitotic figures were uniformly abnormal, with multipolar mitoses and

apparently asymmetric segregation of chromatin. Such features are commonly seen in

neoplasia. Injection with the control adenovirus did not induce significant cell cycle

progression, and the few observed mitoses were morphologically normal (data not shown

and ref. (20)). Furthermore, mitoses observed at 48 hours after partial hepatectomy did

not display similar abnormalities (data not shown). Thus, protracted cyclin Dl expression

(over a matter of days) led to apparent deregulation of the mitotic apparatus, which is a

likely precursor of aneuploidy (1-4). Because this suggests a novel mechanism by which

cyclin Dl could promote neoplasia, we examined the mitotic and chromosome

abnormalities in greater detail.

Cyclin D1 triggers centrosome amplification and aberrant mitotic spindles in

hepatocytes - To further explore the derangement of hepatocyte mitosis by cyclin D1, we

examined the regulation of centrosome number and mitotic spindle structure using

established immunohistochemical techniques. The study of centrosomes and mitotic

spindles in fixed tissue specimens is limited by technical considerations (36). We

therefore transfected mice with ADV-D I (or the control vector) for three days and then

isolated hepatocytes by collagenase perfusion. The cells were placed in culture for two

days in the presence of EGF and insulin, which triggers proliferation of quiescent

8



hepatocytes. Cells were then fixed and co-immunostained with antibodies to centrosome

proteins (Cep-135 or y-tubulin) and ca-tubulin, which is the major mitotic spindle protein

(4,25,26,36). All y-tubulin-positive foci also stained with Cep-135 (data not shown), and

we therefore elected to use Cep-135 as the marker of centrosomes in hepatocytes because

of the quality of the antibody (26).

In normal hepatocytes, or those transfected with the control adenovirus, we

observed bipolar mitotic spindles with either two or four centrosomes (Fig. 2A),

reflecting the normal population of 2N and binucleated (2 X 2N) cells in the liver (37).

Similarly, hepatocytes transfected with a recombinant adenovirus encoding human cyclin

E (ADV-E) did not demonstrate substantially increased centrosome numbers or abnormal

mitotic morphology. In contrast, cyclin DI-transfected hepatocytes uniformly

demonstrated irregular multipolar mitotic spindles with supernumerary centrosomes. The

number of centrosomes (as defined by distinct Cep-135 or y-tubulin-positive foci)

exceeded the number of spindle poles, because several centrosomes sometimes clustered

at a single pole (Fig. 2A, inset). As shown in Fig. 2B, cyclin DI-transfected hepatocytes

almost always contained more than four centrosomes, and some had > 20 per cell. Thus,

at five days after cyclin D I transfection (three days in vivo and two days in culture),

hepatocytes demonstrated substantially increased centrosome numbers and markedly

abnormal mitotic morphology.

Normal centrosomes consist of a pair of centrioles surrounded by pericentriolar

material (5). Centrosomes are typically visualized and quantified by performing

immunostaining for pericentriolar proteins such as y-tubulin or Cep 135. In Fig. 2C, cells

were immunostained with an antibody to centrin, a centriolar protein, which is frequently
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used to visualize these structures (3,36). As expected, in both normal and cyclin Dl-

transfected cells, centrosomes staining with Cep-135 showed two centrin-positive

centrioles. These results indicate that cyclin DI led to hyperamplification of centrosomes

with a normal number of centrioles.

The number of centrosomes per cell has been linked to DNA content, and one

potential mechanism of centrosome hyperamplification is aborted cell division that gives

rise to polyploid cells with increased centrosome numbers (5,38). To examine the

relationship of cell ploidy to centrosome number, cells were subjected to FACS analysis

to examine DNA content (Fig. 2D). Normal or control-transfected hepatocytes

demonstrated clear 2N and 4N peaks. Cyclin D I-transfected hepatocytes showed the

same peaks, with proportionately more 4N cells and a substantial number of 8N cells.

However, a significant number of cells did not fall into the 2N, 4N, or 8N peaks,

suggesting that cyclin DI induced aneuploidy (see below). Furthermore, very few cells

with > 8N DNA content were observed. In the cyclin DI-transfected cells, centrosome

content (Fig. 2B) appeared to be increased to a greater degree than DNA content (Fig.

2D). Thus, persistent cyclin DI expression may lead to uncoupling of the centrosome

cycle from the cell cycle.

Normal hepatocytes proliferate readily in culture in the presence of appropriate

growth factors, and previous studies have shown that cyclin D1 is induced in these cells

in a mitogen-dependent manner (23,29,31). In Figure 2E, slides were stained with DAPI

and the number of cells displaying metaphase morphology was found to be similar in

cyclin DI-transfected or control cells. Therefore, it is apparent that re-entry into the cell

cycle per se was not sufficient to cause the observed centrosome and mitotic
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abnormalities. Interestingly, cyclin DI induced the accumulation of supernumerary

centrosomes even in interphase cells (Fig. 3), whereas control-transfected or normal cells

showed 2-4 centrosomes (data not shown). As was the case for the metaphase cells, the

number of centrosomes in cyclin D I-transfected interphase cells did not seem to clearly

correlate with the DNA content as assessed by FACS analysis (Fig. 2D). Thus abnormal

centrosome numbers were observed in the majority of cyclin DI-transfected cells.

To further examine the relationship between cell ploidy and centrosome number,

we studied hepatocytes two days following transfection with cyclin D1 (24 hr in vivo and

24 hr in culture, Fig. 4). At this early time point, the mitotic cells had bipolar spindles

after cyclin D1 transfection (Fig. 4A; also see Fig. 1). However, many cells showed a

substantially increased number of centrosomes (Fig. 413), which clustered at the two

spindle poles (Fig. 4A). FACS analysis indicated that there was a shift to 4N DNA

content and a portion of cells had >4N content (Fig. 4C). However, few cells had 8N

content, and the large number of centrosomes seen in some cells (Fig. 4B) was not

accompanied by a proportional increase in DNA content. These studies further suggest

that cyclin DI can differentially regulate centrosome number and cell cycle progression.

These results also indicate that although short-term cyclin DI overexpression can

promote both processes, centrosome overduplication and multipolar spindle formation

may be distinctly regulated at early time points.

Cyclin D1 induces chromosomal abnormalities in hepatocytes - The data shown

above indicates that over a period of several days, cyclin DI induced abnormal mitoses,

suggesting the possibility that it may also affect the cellular chromosome content. The

FACS data in Figures 2D and 4C indicated that a substantial portion of cyclin Dl-
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transfected cells contained hyperploid nuclei that did not correspond with the 2N, 4N, or

8N peaks, suggesting that cells with grossly abnormal chromosome content were present.

To examine this further, chromosome morphology from control and transfected

hepatocytes was evaluated using standard techniques (Fig. 5A). In normal and control-

transfected cells, > 88% of cells contained the expected 2N, 4N, or 8N chromosome

compliment. On the other hand, in cyclin Di-transfected cells, only 32% of cells fell

within these peaks. The combined data from the FACS analysis and chromosome

morphology data indicate that cyclin DI induces polyploidy and the accumulation of cells

with grossly abnormal chromosome content that does not fall within the predicted 2N, 4N

and 8N peaks.

To further examine the effect of cyclin D1 on chromosome integrity, mitotic

spreads were evaluated for the presence of overt structural abnormalities. As is shown in

Fig. 5B, cyclin D1 promoted the development of chromosome breaks, free centromeres,

and dicentric chromosomes. More than 20% of cyclin DI-transfected hepatocytes

demonstrated such abnormalities (Fig. 5C). These data indicate that short-term cyclin D1

transfection leads to both numerical and structural chromosome abnormalities in

hepatocytes.

The induction of mitotic and chromosome abnormalities by cyclin D1 is

accompanied by apoptosis - In response to injuries that promote abnormalities of the

mitotic spindle or DNA damage, normal cells activate checkpoint mechanisms that

inhibit cell cycle progression or induce apoptosis (5,7,10). In addition, cells with severe

aneuploidy can undergo apoptosis due to "chromosomal insufficiency" (4). To examine

whether similar mechanisms were activated following cyclin Dl transfection in our
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system, we evaluated liver specimens for the presence of apoptosis. As is shown in Fig.

6, at 6 days following cyclin D1 transfection, a substantial number of hepatocytes were

overtly apoptotic as determined by TUNEL staining. These data suggest that the mitotic

and chromosome abnormalities induced by cyclin DI resulted in activation of checkpoint

mechanisms that triggered hepatocyte apoptosis.

Protracted cyclin D1 expression leads to marked induction ofp53 and p21 gene

expression - In our prior studies, we found that transfection with ADV-DI led to

activation of cyclin/cdk complexes, robust proliferation, and numerous mitotic figures

within 1-2 days (20-22). At 6 days after transfection, despite continued expression of

cyclin DI, cyclin D1/cdk4 and cyclin E/cdk2 complexes were relatively inhibited and the

rates of DNA synthesis and mitosis were relatively diminished compared to 1-2 days

(although each of these parameters were still up-regulated compared to normal or control-

transfected livers) (20). This suggests that prolonged expression of cyclin D1 induced

antiproliferative signals that suppress cyclinlcdk activity and cell cycle progression; our

previous data indicated that marked induction of the cdk-inhibitory protein p21 might

play a role in this response (20). At the 6 day time point, we speculated that the induction

of p21 was due in part to the activation of checkpoint mechanisms that respond to

chromosome and/or mitotic spindle abnormalities. Studies in other systems would predict

that p53 may be involved in these checkpoints, and can induce both p21 expression and

apoptosis (7,10). To examine the potential involvement of p21 and p53 in our system, we

evaluated the expression of these genes by RT-PCR (Fig. 7). As previously shown, cyclin

D1 induced p21 at 1 day after transfection, presumably as part of the normal cell cycle

program. At 6 days after transfection, despite diminished cyclin D1/cdk4 activity (20),
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p21 mRNA was induced to much higher levels. Furthermore, p53 mRNA was also

markedly induced at 6 days. These studies suggest that the mitotic and chromosome

abnormalities induced by protracted cyclin D1 expression may promote checkpoint

mechanisms involving p53 and p21.

Previous studies have documented that p21 plays a role in regulating centrosome

number in response to other stimuli, presumably by modulating cdk activity (5,7,10). To

determine whether p21 similarly regulated the development of supernumerary

centrosomes following cyclin D1 expression, we examined the response in p21-/- mice.

Using the conditions outlined in Fig. 2, cyclin DI induced an average of 14.63 +/- 4.75

centrosomes in hepatocytes isolated from p21-/- mice as compared to 8.48 +/- 3.63

centrosomes in matched wild-type mice. This suggests that the marked induction of p21

in response to cyclin D1 overexpression moderately diminishes the accumulation of

supernumerary centrosomes.

Centrosome abnormalities persist for months after cyclin D1 transfection - Our

data indicate that the induction of mitotic and chromosome abnormalities by cyclin D1 is

associated with both a cell cycle arrest and apoptosis. This suggests that the hepatocytes

activated normal checkpoint mechanisms that could result in the elimination of abnormal

cells. Previous studies have shown that first-generation recombinant adenoviruses, such

as those used in our studies, promote gene expression that lasts several weeks. In our

previous studies, we found that cyclin D1 expression was no longer detectable one month

following transfection (20). To examine whether centrosome abnormalities persisted after

cyclin DI was no longer expressed, we examined hepatocytes 4 months after cyclin DI

transfection. As shown in Fig. 8, normal or control-transfected mice contained 2-4
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centrosomes, in a pattern similar to that seen in younger mice (Fig. 2). On the other hand,

13% of cyclin Di-transfected hepatocytes contained >4 centrosomes. Thus, no

hepatocytes with massively increased centrosome number (as seen at early time points

after transfection) were observed in the mice 4 months after transfection. This suggests

that the most abnormal cells were eliminated by the activation of normal checkpoint

mechanisms. However, a portion of cells retained abnormal centrosome number,

indicating that transient overexpression of cyclin D1 led to long-lasting changes in the

mitotic apparatus in some cells.

Cyclin D1 induces centrosome and mitotic spindle abnormalities in breast

epithelial cells - The studies described above suggest that persistent expression of cyclin

D I promotes accumulation of supernumerary centrosomes and aneuploidy in

hepatocytes. To determine whether cyclin D1 might have a similar effect in other cells,

we transfected human mammary epithelial cells with the cyclin DI or control

adenoviruses and examined centrosome and mitotic spindle morphology (Fig. 9) (27).

Previous studies have shown that centrosome amplification occurs frequently in breast

carcinoma and correlates with the degree of aneuploidy (6). As is shown in Fig. 9, after 2

days cyclin DI induced abnormal centrosome numbers and mitotic spindle morphology.

These studies suggest that cyclin D1, which is thought to play an important role in breast

cancer (13,39), may contribute to the development of centrosome and mitotic

abnormalities seen in these tumors.
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Discussion

Cyclin D1 is thought to play an important role in the development of cancer in

many organs including the liver (12-14,40,41). Constitutive overexpression of cyclin D I

is likely to contribute to the development of malignancy by reducing the dependency on

mitogens and other extracellular signals that are normally required to promote

progression through the late G I restriction point (12-14). However, current models

suggest that overexpression of cyclin D1 alone is not sufficient to account for

carcinogenesis; additional genetic changes are required in order for cells to acquire a

malignant phenotype (42). The studies outlined here indicate that transient cyclin D1

overexpression has dramatic effects on centrosome number, the mitotic apparatus, and

chromosome integrity. These results suggest an additional mechanism by which cyclin

DI may promote malignant progression.

The most clearly defined role of cyclin D1 is activation of the cdk4 and cdk6

kinases in late G I phase, which result in phosphorylation of Rb and transcription of E2F-

dependent genes required for S phase (12). The cyclin D1/cdk4 complex also sequesters

cdk inhibitors such as p21 or p27, thereby promoting activation of cyclin/cdk complexes

acting downstream in the cell cycle. Cyclin D1 has been implicated in other cellular

processes including transcriptional control, ribosome biogenesis, cell growth,

differentiation, apoptosis, adhesion, and motility (12,43). In addition, clinical studies

suggest that overexpression of cyclin D1 is associated with chromosome abnormalities in

several different cell types (15-18). However, it is difficult to determine from these

clinical studies whether cyclin DI overexpression is a cause or a result of genomic

instability, since the cyclin D1 locus is prone to rearrangements and amplification (12).
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Indirect evidence that cyclin D1 can cause genetic alterations comes from transgenic

mice with constitutive expression of this protein in various organs, which leads to the

development of cancer after a delay of many months (12,13,40). This suggests that over

time, persistent cyclin Dl expression may contribute to the "mutator phenotype" that

results in the acquisition of specific genetic abnormalities during the process of

carcinogenesis (1,2,42). In addition, the marked mitotic abnormalities seen in this study

suggest that overexpression of cyclin D1 may predispose to widespread random

aneuploidy that underlies the "aneuploidy-cancer theory," which holds that malignancy is

induced by the abnormal dosage a large number of genes (44). Notably, transgenic mice

with hepatic cyclin DI expression were noted to have aberrant hepatocyte mitotic figures

prior to the development of frank malignancy, suggesting that abnormalities of the

mitotic apparatus were induced early during the oncogenic process (40). However, to our

knowledge, previous experimental studies have not found that cyclin D1 overexpression

induces centrosome aberrations and chromosome instability.

Although genetic studies have not unequivocally demonstrated that alterations in

centrosome numbers cause aneuploidy, centrosome abnormalities are observed in a wide

variety of human malignancies and have been correlated with chromosome instability

(reviewed in (3-6)). The factors that promote centrosome accumulation in malignant cells

have not been defined, but several mechanisms have been proposed (5,10,38). One

possibility is that cells fail to undergo cytokinesis, leading to both polyploidy and

accumulation of extra centrosomes. According to this model, an increased number of

centrosomes should be linked to chromosome content. A second possibility is that the

centrosome duplication cycle becomes uncoupled from DNA replication. Other potential
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mechanisms include cell fusion and the de novo formation of centrosomes. These

possibilities are not necessarily mutually exclusive and each may be operative under

certain circumstances (5). Regardless of the mechanisms involved, centrosome

aberrations are likely to contribute to chromosome instability in human tumors (3-6).

Normal hepatocytes have been shown to regulate mitosis distinctly from typical

models (37). As the animal ages, increasing numbers of binucleated cells and polyploid

nuclei (4N and 8N) are observed. Binucleated hepatocytes appear to result from a failure

of cytokinesis at the end of mitosis (37). At the time of cell division, binucleated cells

contain four centrosomes that cluster into two spindle poles, resulting in a bipolar spindle

apparatus that produces two 4N cells (an example of this is shown in the control-

transfected cell in Fig. 4A). In the current studies, we found that at early time points after

cyclin D1 transfection, hepatocytes displayed bipolar mitotic spindles despite

overduplication of centrosomes (Figs. 1 and 4). Thus, like normal binucleated

hepatocytes, extra centrosomes cluster at two spindle poles during the initial phase of

cyclin D1 overexpression. This suggests that spindle pole formation is regulated

distinctly from centrosome number, as has been suggested in other systems (5,37).

However, at 6 days, when centrosome number was greatly increased, cells consistently

displayed multipolar mitoses as well as chromosome abnormalities. We also found that

the increase in centrosome number triggered by cyclin DI did not clearly parallel the

corresponding increase in DNA content. The rapid induction of centrosome

overduplication (within 48 hours), along with the observation that centrosome number

did not seem closely linked to ploidy, suggests that the abnormalities were not simply a

result of failure of cytokinesis and polyploidy. The data suggest that persistent expression
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of cyclin DI can promote centrosome duplication out of proportion to cell cycle

progression. However, additional studies will be required to unravel the relationship

between cyclin DI, cell cycle progression, centrosome number, spindle pole formation,

and aneuploidy.

This study did not directly address the mechanism(s) by which cyclin D1 may

regulate centrosome accumulation. Cyclin D1 transfection induces cell cycle progression

and downstream cell cycle mediators including cyclin E/cdk2 and cyclin A/cdk2 in

hepatocytes (20,23). These complexes are known to promote centrosome duplication and

phosphorylation of several different centrosome proteins (5,8,9). Thus, cyclin D1 may act

by promoting activation of cdk2, which in turn induces centrosome and mitotic spindle

abnormalities, resulting in aneuploidy. Interestingly, transfection with cyclin E alone did

not promote marked centrosome abnormalities in our system. This may be due to the fact

that cyclin E transfection does not induce activation of cyclin E/cdk2 or cell cycle

progression in hepatocytes, presumably because these cells contain sufficient monomeric

p27 to inhibit these complexes (19,45). Further studies will be required to determine

whether cyclin D1 acts directly on centrosome targets, or whether it mediates effects by

activating downstream cell cycle genes.

Our results differ from a previous report indicating that permanent transfection of

cyclin E, but not cyclin DI, induces aneuploidy in cultured cells (46). The discrepancy

may be due to differences in transfection techniques, experimental conditions, or

susceptibility of various cell types. Our finding that short-term cyclin D1 overexpression

induced centrosome and mitotic spindle abnormalities in breast epithelial cells (Fig. 9)

indicates that this effect is not limited to hepatocytes and could potentially affect
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chromosome stability in different types of tumors with constitutive expression of this

protein. Indeed, several reports have shown that cyclin D1 is associated with aneuploidy

in a variety of malignant cell types (15-18), which is consistent with the notion that

persistent expression of this protein promotes mitotic abnormalities in human

malignancies.

The mice transiently transfected with cyclin D1 mice did not develop overt signs

of malignancy during the relatively short period of observation. However, this was not

formally addressed because we did not sustain a large number of animals over a longer

period. The striking mitotic abnormalities seen 6 days after cyclin DI transfection were

associated with substantial hepatocyte apoptosis as well as induction of p53 and p21 in

these livers. Previous studies in p53 and p21 knockout cells indicate that these proteins

play an important role in preventing centrosome abnormalities, presumably by activating

checkpoint mechanisms and inhibiting cdk2, respectively (10). In our studies, centrosome

and chromosome abnormalities apparently induced checkpoint mechanisms that

promoted apoptosis and cell cycle arrest, which effectively removed the most aberrant

cells. Interestingly, we did note that a proportion of cells demonstrated increased numbers

of centrosomes 4 months after cyclin D I transfection. Since the first-generation

adenovirus system produces transgene expression that lasts only weeks (20,24), these

results indicate that some of the centrosome changes induced by cyclin DI

overexpression may persist even when the protein is no longer expressed. In the setting of

persistent hepatocyte proliferation or mutations of p53 gene (which are commonly

observed in hepatocellular carcinoma (HCC) (41,47,48)), these cyclin DI-induced
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centrosome changes could play a potentially important role in the development of

aneuploidy.

In humans, HCC occurs almost exclusively in the setting of longstanding chronic

liver diseases, which generally demonstrate ongoing hepatocyte destruction and

proliferation (41,48). Previous studies have found that a high level of hepatocyte

proliferation observed on liver biopsy specimens correlates with an increased risk of

HCC (49-5 1). Both HCC and preneoplastic foci of dysplastic hepatocytes are

characterized by widespread and heterogeneous chromosome changes (41,47). Although

it is absent in normal adult liver, cyclin Dl is upregulated following liver injury in

diverse animal models and is expressed in human liver demonstrating evidence of

hepatocyte replication (31). Clinical HCC specimens with high-level cyclin D1

expression were found to have a highly dysplastic morphologic phenotype (52), although

the relationship of cyclin D1 expression and chromosome abnormalities has not been

formally evaluated in this cancer (to our knowledge). The current study suggests that

persistent cyclin DI expression - induced by chronic mitogenic stimulation, oncogenic

mutations of upstream signaling molecules, or chromosome rearrangements involving the

cyclin D1 gene - could potentially contribute to the striking and apparently random

chromosome abnormalities seen in many HCCs (41,47).

These findings should raise a note of caution regarding recombinant adenoviruses,

which have been used extensively to achieve high-efficiency transient transfection in

culture and in vivo (24). These vectors readily transfect hepatocytes in the liver after

intravenous injection, and can target genes to other organs as well (24). Recombinant

adenoviruses expressing cyclin D I trigger proliferation of quiescent hepatocytes and
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cardiomyocytes in vivo, suggesting a possible strategy to promote adaptive parenchymal

cell replication in disease states (20,53). The carcinogenic potential of adenoviral vectors

has been thought to be minimal since they do not insert into the chromosome DNA. NIH

Guidelines suggest that Biosafety Level II containment measures are sufficient for

recombinant adenoviruses.1 However, our findings indicate that even short-term

overexpression of cyclin DI produces chromosome instability. Thus, strategies to

transiently transfect cyclin D1 (and conceivably other growth-promoting genes) could

induce unanticipated genetic alterations even if the vectors do not integrate into cellular

DNA. More stringent laboratory containment procedures for viral vectors encoding

potential oncogenes may therefore be advisable.

The results presented here indicate that aberrant cyclin DI expression rapidly

induces alterations of the mitotic apparatus and aneuploidy in normal cells. We believe

that these studies provide the most direct evidence to date that overexpression of cyclin

D1 alone can lead to genomic instability. Furthermore, our short-term experiments

showed that under these conditions, centrosome duplication was not proportional to DNA

replication, suggesting that the centrosome cycle and the cell cycle can be uncoupled.

Cyclin Dl should therefore be added to the list of cancer-related genes that regulate

centrosome duplication and the mitotic spindle apparatus (5). The induction of

chromosome instability by cyclin DI could play an important role in the carcinogenic

effect of this oncogene.
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Figure Legends

Figure 1. Cyclin D1 induces abnormal hepatocyte mitoses in vivo. BALB/c mice were

transfected by intravenous injection of a recombinant adenovirus expressing human

cyclin Dl. Hematoxylin and eosin-stained liver biopsy specimens obtained 2 and 6 days

after transfection were evaluated by routine microscopy.

Figure 2. Induction of supernumerary centrosomes and abnormal mitotic spindle

formation by cyclin D1. Hepatocytes were transfected in vivo with the cyclin DI (ADV-

D1), cyclin E (ADV-E) or control adenoviruses for 3 days. Hepatocytes were then

isolated, placed in culture for 2 days, and fixed for immunohistochemistry or FACS

analysis. Cells used for histology were treated with colchemid for the final 3 hours of

culture. Normal cells were isolated and cultured in parallel without transfection. (A)

Centrosome and mitotic spindle morphology. Cells were immunostained with antibodies

to Cep-135 (red) and cx-tubulin (green). The inset shows multiple Cep135-staining

centrosomes at a single spindle-pole in a cyclin DI-transfected cell. In the merged

picture, Cep 135-positive foci appear yellow. (B) Centrosome number per mitotic cell in

normal, control-transfected, cyclin E-transfected, and cyclin DI-transfected hepatocytes

(3-4 animals per group). (C) Centriole staining. Hepatocytes were co-immunostained for

centrin (green) and Cep-135 (red) and photographed under high power magnification.

(D) FACS analysis of propidium iodide-stained hepatocytes. A portion of cyclin DI-

transfected cells exhibited DNA contents that did fall into the major 2N, 4N, and 8N

peaks. (E) The percentage of DAPI-stained cells displaying metaphase morphology under

each condition.
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Figure 3. Centrosome overduplication in interphase cells following cyclin D1

transfection. (A) Hepatocytes were transfected with ADV-D1, cultured, and stained with

Cep-135 (red) and c-tubulin (green) as in Fig. 2. A representative cell is shown,

displaying distinct centrosomes grouped together in one region. (B) Centrosome number

per interphase cell following cyclin Dl transfection.

Figure 4. Centrosome and mitotic spindle morphology at an early time point.

Hepatocytes were transfected for 1 day in vivo, placed in culture for 1 day, and analyzed

as in Fig. 2. (A) Immunostaining for Cep135 (red) and cx-tubulin (green). The inset shows

multiple centrosomes clustering at a single spindle pole. (B) Centrosome number per

mitotic cell. (C) FACS analysis.

Figure 5. Destabilization of chromosomes by cyclin D1. Hepatocytes were transfected

and harvested as in Fig. 2. After fixation, mitotic spreads were prepared and stained with

Giemsa as described in Experimental Procedures. (A) Chromosome number per cell. A

total of 50 mitotic spreads were analyzed for each condition. (B) Representative

micrographs of chromosome abnormalities in cyclin DI-transfected cells.

(C) Quantification of the number of chromosome abnormalities per mitotic cell.
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Figure 6. Induction of hepatocyte apoptosis by cyclin D1 in vivo. Liver sections

obtained at 1 and 6 days after transfection with the control or cyclin D1 adenovirus were

subjected to TUNEL staining. The percentage of TUNEL-positive cells is shown at each

time point.

Figure 7. Upregulation of p53 and p21 mRNA expression cyclin D1. RNA was

extracted from cyclin Dl- or control-transfected livers at 1 and 6 days. Expression of p53

and p21 mRNA were quantified by RT-PCR and normalized to P3-actin mRNA as

described in Experimental Procedures.

Fig~ure 8. Residual centrosome abnormalities 4 months after cyclin D1 transfection.

Hepatocytes were isolated from mice 4 months after transfection with the cyclin DI or

control adenoviruses, placed in culture for 3 days, and immunostained for Cep-135 as in

Fig. 2. Hepatocytes were also isolated from age-equivalent untransfected normal mice.

The number of centrosomes per mitotic cell is shown.

Figure 9. Short-term cyclin D1 transfection induces centrosome abnormalities in

breast epithelial cells. Cultured human breast epithelial cells were transfected with the

control or cyclin DI adenoviruses for 2 days as described in Experimental Procedures.

Fixed cells were immunostained with cx-tubulin (green) or y-tubulin (red). In the merged

image, co-localization of a- and y-tubulin results in yellow fluorescence. Control-

transfected cells did not demonstrate any differences relative to normal untransfected

cells (data not shown).
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